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QUOTATION 
“Everything is vague to a degree you do not realize till you have tried to make it 
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ABSTRACT 
The composition of atmospheric particles is an important factor in determining their 
impact on climate and health. In this study, an aerosol time-of-flight mass spectrometer 
(ATOFMS) was used to measure the chemical composition of ambient single particles at 
two contrasting locations – an industrial site in Dunkirk, France and a regional 
background site in Corsica.  The ATOFMS data were combined with meteorological 
information and other particle measurements to determine the various sources of the 
particles observed at the sites. 
The particle classes detected in Dunkirk included carbonaceous species from fossil fuel 
combustion and biomass burning, metal-containing types from local industries and sea-
salt. Highest particle number concentrations and mass concentrations of PM2.5, black 
carbon, organics,  nitrate, ammonium and several metallic species (Fe, Mn, Pb, Zn) were 
found during periods heavily influenced by local industry. Particles from a 
ferromanganese alloy manufacturing facility were identified by comparing ambient 
ATOFMS data with single particle mass spectra from industrial chimney filters and ores. 
Particles from a steelworks were identified based on comparison of the ambient data with 
previous studies. Based on these comparisons, the steelworks was identified as the 
dominant emitter of Fe-rich particles, while the ferromanganese alloy facility emitted Mn-
rich particles.  
In Corsica, regional transport of carbonaceous particles from biomass burning and fossil 
fuel combustion was identified as the major source of particles in the Mediterranean 
background aerosol. Throughout the campaign the site was influenced by air masses 
altering the composition of particles detected. During North Atlantic air masses the site 
was heavily influenced by fresh sea salt. Regional stagnation was the most common type 
of air mass regime throughout the campaign and resulted in the accumulation of 
carbonaceous particles during certain periods. Mass concentrations were estimated for 
ATOFMS particle classes, and good agreement was found between the major 
carbonaceous classes and other quantitative measurements.  
Overall the results of this work serve to highlight the excellent ability of the ATOFMS 
technique in providing source-specific composition and mixing state information on 
atmospheric particles at high time resolution.  
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 AEROSOLS 
Particles, or particulate matter, may be solid or liquid and when suspended in a gas are 
defined as aerosols (Finlayson-Pitts & Pitts, 2000). Particles are usually considered as 
such when their diameters fall between ~ 0.002-100 µm. The lower end of the size range 
represents the approximate diameter at which a cluster of molecules becomes a particle, 
while particles larger than 100 µm (e.g. fine sand) are subject to rapid gravitational 
settling and therefore do not remain suspended for significant periods of time. The critical 
characteristics of a particle for evaluating its lifetime, optical properties, and toxicity are 
assumed to be its size, surface area, phase (solid or liquid), volatility, hygroscopicity, 
chemical composition, morphology and density (Saxe & Larsen, 2004; Buseck & Adachi, 
2008). The following chapter will present a brief introduction to the sources, composition 
and physical properties of atmospheric aerosols, as well their effect on global climate and 
human health. 
 SOURCES AND CHEMICAL COMPOSITION OF 
AEROSOLS 
Particles have natural and anthropogenic origins and are released directly into the 
atmosphere, as primary emissions, or are formed in the atmosphere as secondary aerosols 
by chemical processing e.g. gas to particle conversion, nucleation or condensation of 
species onto existing particles (Finlayson-Pitts & Pitts, 2000; Pöschl, 2005; Monks et al., 
2009; Calvo et al., 2013). Aerosol composition can vary hugely depending on whether 
the location is marine or coastal, urban, industrial, rural, desert or polar. Table 1.1 
provides a brief list of the main chemical components and major sources of ambient 
particulate matter (AQEG, 2005).  Primary and secondary components have both natural 
and anthropogenic origins. Natural sources of atmospheric aerosols include biogenic 
emissions, mineral dust, sea spray, volcanic eruptions and lightning (Calvo et al., 2013).  
Primary biogenic particles take the form of seeds, pollen, spores, bacteria, protozoa, 
fungi, viruses, algae, and fragments of animals and plants (Hobbs, 2000). Secondary 
biogenic particles form from oxidation of biogenic VOCs (e.g. isoprene) to form 
secondary organic aerosol (SOA) (Claeys et al., 2004; Hallquist et al., 2009; Froyd et al., 
2010). Global biogenic VOCs emissions are estimated to be ~10 times larger than 
anthropogenic emissions, thus an important source of SOA. Carbonaceous components 
(EC and OC) are released from biomass burning by naturally occurring wildfires.  
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Table 1.1. Main components and major sources of particulate matter (adapted from AQEG, 2005). 
Primary components Major sources 
Sodium chloride Sea salt 
Elemental carbon (EC) or 
Black carbon (BC) 
Formed during high temperature combustion of fossil fuel (coal, natural 
gas, diesel and petrol) and biomass fuel (wood pellets, forest fires, etc.). 
Trace metals Present at very low concentrations, includes Pb, Cd, Ni, Cr, Zn and Mn. 
Generated by metallurgical process (e.g. steel-making), impurities or 
additives in industrial fuels, and mechanical abrasion process (e.g. 
brake and tyre wear). 
Mineral components Includes Al, Si, Fe and Ca. Found mostly in coarse dusts from quarrying, 
construction and demolition, and in wind-driven dusts. 
Secondary components Major sources 
Sulfate Formed by oxidation of atmospheric sulphur dioxide (SO2) to form 
sulfuric acid, which can react with ammonia (NH3) to produce 
ammonium sulfate. 
Nitrate Formed by oxidation of nitrogen oxides (NOX, which consists of nitric 
oxide, NO, and nitrogen dioxide, NO2), which can react with NH3 to 
produce ammonium nitrate. Also present as sodium nitrate through 
replacement of chloride on sea salt by NOX. 
Water Components such as ammonium sulfates and ammonium nitrates take 
up water from atmosphere.  
Primary and secondary 
components 
Major sources 
Organic carbon (OC) 
(radiation absorbing fraction 
referred to as brown carbon) 
Primary OC comes from traffic or industrial combustion. Secondary OC 
comes from oxidation of volatile organic compounds (VOCs). There may 
be several thousand individual components and OC is the most difficult 
ambient particle component to accurately identify and measure in real 
time. 
Mineral dust is one of the largest contributors to global aerosol mass and is generated 
mainly by wind action on deserts, dry lake beds, semi-arid surfaces and other soils, with 
the Sahara producing most of the world’s mineral dust (Calvo et al., 2013). For wind-
blown particles to be injected into the atmosphere the wind has to be above a frictional 
speed, which is dependent on the size and contents of the particle (Hobbs, 2000). While 
the majority of dust mass is accounted for by supermicron particles, an estimated 7-20% 
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of dust particles are less than 1 µm in diameter, a size range important for human health 
effects. The composition of mineral dust particles reflects its origin and includes 
components like aluminium, calcium, silicates and iron in the form of quartz, clays, 
calcite, gypsum and iron oxides (Seinfeld & Pandis, 2006).  
Primary marine aerosols, containing sodium, chloride, calcium, magnesium, potassium, 
sulfate and OC, are produced at the ocean’s surface by bursting of air bubbles which have 
been entrained in the water by wind-induced wave action (O’Dowd et al., 1997; 
Finlayson-Pitts & Pitts, 2000). Secondary marine aerosols, primarily as non-sea-salt (nss) 
sulfate and OC, form by gas-to-particle conversions such as homogeneous nucleation, 
heterogeneous nucleation and condensation (O’Dowd et al., 1997). Marine OC emissions 
(driven by biological activity) are comparable (or higher) to fossil fuel OC emissions and 
increase the global OC burden by at least 20% (O’Dowd et al., 2008; Roelofs, 2007). 
Oxidation of dimethyl sulfide (DMS), produced by marine organisms (particularly 
phytoplankton), is the dominant source of SO2 and the exclusive source of 
methanesulfonic acid (MSA) in the marine atmosphere (Seinfeld & Pandis, 2006). Both 
of these are important components in the formation of new particles (Wyslouzil et al., 
1991a, 1991b), which can then act as cloud condensation nuclei (CCN) (O’Dowd et al., 
1997; Ayers & Gillett, 2000) and have associated climate effects.  
Volcanic eruptions are an important source of natural primary and secondary aerosols, 
although emissions are extremely difficult to predict due to the wide range in eruptive 
styles and magnitudes. Primary particles are emitted as ash, generally fall into the 1-10 
µm size range, and are comprised of many components, including S, Si, Cl, Pb, Cr, Cu, 
Fe, Ti, V, Al, Ba, Mn, Zn, Ca, K and Na (Allard et al., 2000; Mather et al., 2003). 
Secondary particles are comprised mainly of sulfate, formed by the oxidation of the large 
quantities of SO2 released by eruptions. Various studies suggest 14-36% of tropospheric 
secondary sulfate aerosol mass may be of volcanic origin (Calvo et al., 2013). Volcanoes 
are also thought to contribute 2% of naturally emitted mercury (Mason, 2009).  
Naturally occurring secondary nitrate particles are formed partly from NO and NO2 
produced from lightning (Schumann & Huntrieser, 2007), while aerosols, through their 
effects on clouds, have been correlated with an increase in lightning flashes (Yuan et al., 
2011).  
Traffic, especially in urban areas, is considered the main source of primary and secondary 
anthropogenic aerosols, and the main source of NOX (Seinfeld and Pandis, 2006). 
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Emissions from vehicle exhaust depends on the engine type, age and maintenance, and 
contain carbon in the form of OC and EC with smaller amounts of trace metals and ions 
(Pant & Harrison, 2013). Gasoline engines are known to release a higher fraction of OC 
while diesel engines emit more EC. Elemental markers such as Cu, Mn, Fe, Zn, Ba, Sn, 
Ni, Mo and Sb have been used for vehicular emissions.  Metals can be emitted from 
various exhaust-related sources including fuel and lubricant combustion, catalytic 
converters, particulate filters and engine corrosion (Lough et al., 2005). However, many 
of these also arise from non-exhaust sources, such as brake and tyre wear, road surface 
abrasion and resuspension by moving vehicles (Calvo et al., 2013). Other sources of 
anthropogenic aerosols include industrial activities (metallurgy, shipping, incineration, 
refineries, etc.) and solid fuel combustion for power generation and domestic heating 
(wildfires and combustion of agricultural crop residues are included in the biomass 
burning category). Carbonaceous materials (EC and OC) are a major component of 
aerosol released from these activities. EC is indicative of primary emissions while OC 
can be both primary and secondary, with the contribution to the aerosol depending on the 
location, time of year and meteorological conditions  (Zhang et al., 2011b; Guzman-
Morales et al., 2014). For example, in Barcelona it was found that ~47 % of the OC was 
primary whereas at a rural site, downwind of the city, the OC was predominantly of 
secondary origin (~85 %) (Minguillón et al., 2011).  
Industrial activities are often important point-source emitters of metals, e.g., Fe, Mn and 
Zn from a ferromanganese alloy facility (Choël et al., 2010), Fe, Zn, Ni and Pb from 
steelworks (Dall’Osto et al., 2008), V and Ni from shipping (Ault et al., 2009; Healy et 
al., 2009) and Pb and Zn from waste incineration (Moffet et al., 2008a). Industries 
producing cement, bricks and ceramics, mining and quarrying also release large amounts 
of primary aerosols, either during production or manipulation and transport of raw 
materials (Sánchez de la Campa et al., 2010). Crustal elements such as Si, Al, K, Na, Ca, 
Fe and their oxides are used as markers for mineral dust from mining, quarrying and 
building activities (excavations, soil movement, demolitions) (Calvo et al., 2013). Dust 
from these activities and resuspended road dust are important contributors to PM10 in dry 
environments like the Mediterranean, where low precipitation rates prolong the lifetime 
of these particles in the atmosphere (Rodríguez et al., 2007; Pey et al., 2009; Amato et 
al., 2009; Reche et al., 2011). 
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Anthropogenic activities also emit large quantities of SO2 (coal combustion and 
shipping), NOX (traffic) and ammonia (farming, traffic and industrial activities), which 
can lead to formation of secondary particles (Finlayson-Pitts and Pitts, 2000). SO2 can be 
oxidised to form H2SO4, while NOX can undergo oxidation to form HNO3. These acidic 
species can be neutralised by ammonia to form ammonium sulfate and ammonium nitrate 
particles respectively. In the atmosphere the production of ammonium sulfate is favoured 
and most of the sulfate must be neutralised prior to ammonium nitrate production (Bauer 
et al., 2007; Pathak et al., 2009). While ammonia is the major base present in the 
atmosphere, amines have also been observed in particles as aminium salts of nitrate and 
sulfate (Pratt et al., 2009c). Amines can be emitted by industrial activities, traffic, farming 
and sewage plants (Angelino et al., 2001; Rehbein et al., 2011). In addition to the 
production of secondary species through the homogeneous gaseous reactions mentioned 
above, heterogeneous reactions may occur between gaseous species and particles, e.g., 
the reaction of gaseous HNO3 with sea salt particles (Finlayson-Pitts and Pitts, 2000). 
NaCl(S) + HNO3(g) → HCl(g) + NaNO3(s) 
Secondary species may also be formed through aqueous phase reactions in fogs, clouds 
and on particle surfaces (Finlayson-Pitts and Pitts, 2000). 
 PARTICLE SIZE AND FORMATION 
Of the several properties of particles important for their role in atmospheric processes, 
size is considered the most important (Finlayson-Pitts & Pitts, 2000), as it is related to the 
sources of the particles and their effects on health and climate. Particle size is measured 
and expressed as an effective diameter (McMurry, 2000), which depends on a physical 
property of the particle. The use of an effective diameter is a result of the variability in 
the shape of atmospheric particles – diameter implies that the particle is spherical, which 
some atmospheric particles are, but many also have irregular shapes. The most commonly 
used effective diameter is the aerodynamic diameter (Da), defined as the diameter of a 
sphere of unit density (1 g/cm3) that has the same settling velocity in air as the particle 
under consideration (Finlayson-Pitts & Pitts, 2000). This diameter is particularly useful 
as it reflects the behaviour of particles in moving air, e.g., in the respiratory system, and 
is measured by instruments that sample particles through an orifice or restricted channel. 
Other effective diameters include mass-normalised diameter (that of a sphere with the 
same mass as the actual particle but a density of 1 g/cm3), electrical-mobility diameter 
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(that of a sphere with the same migration velocity through an electric field as the actual 
particle), volume-equivalent diameter (for particles with complex, irregular shapes), 
geometric or physical diameter (that of a particle observed by a microscope) and optical 
diameter (obtained by detecting light scattered by a particle) (Buseck and Adachi, 2008).  
Based on their diameter, particles are generally grouped into the ultrafine (< ~100 nm), 
fine (< 2.5 µm, or PM2.5) or coarse (> 2.5 µm, or PM10) fraction. The fine fraction is 
further separated into the nucleation, Aitken and accumulation modes. The size 
distributions (a schematic is shown in Figure 1.1) each have distinctive chemical and 
optical properties, transformation mechanisms, and deposition pathways and reflect the 
origins of the atmospheric aerosols (Finlayson-Pitts & Pitts, 2000; Seinfeld & Pandis, 
2006).  
 
Figure 1.1. Schematic of the size distribution of atmospheric particles for various parameters 
(number, N; mass, M; volume, V; surface area, S) (Buseck & Adachi, 2008). 
The fine fraction includes most of the total particle number and a large fraction of the 
mass, e.g., 30% in non-urban and 50% in urban areas (Finlayson-Pitts & Pitts, 2000; 
Seinfeld & Pandis, 2006). In comparison to the coarse fraction, fine particles have longer 
residence times in the atmosphere due to negligible dry deposition velocity, allowing 
them to be dispersed over greater distances (Kumar et al., 2010). They also have a larger 
surface to volume ratio, increasing their atmospheric reactivity (Nico et al., 2009) and 
their ability to absorb organic and inorganic compounds (Li et al., 2010), or bear free 
radicals on their surface (Samet et al., 2009). For legislative purposes, current particle 
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monitoring metrics are based on the mass-concentrations (mass/volume) of PM2.5 or 
PM10. However, emissions in terms of particle number are becoming more significant 
than those of particle mass (Rodríguez et al., 2007), particularly for vehicular traffic 
exhaust (Vu et al., 2015). Ultrafine particles do not contribute significantly to PM mass 
and are therefore not well accounted for by monitoring networks, despite their adverse 
effects on human health.  
Nucleation mode particles are usually less than 10 nm in diameter and occur in the largest 
numbers of all the size modes. In the atmosphere, most nucleation-mode particles consist 
of sulfates, nitrates, and organic compounds (Buseck and Adachi, 2008). They form 
through gas-to-particle conversion of hot combustion vapour condensation and 
homogeneous nucleation of relatively non-volatile products of photochemically initiated 
atmospheric gas-phase reactions (Seinfeld & Pandis, 2006; Kulmala & Kerminen, 2008).  
Formation of Aitken mode particles, in the range 10-80 nm, is similar to that of nucleation 
mode particles. Coagulation of the latter also contributes to formation of Aitken mode 
particles (Hobbs, 2000). Rapid coagulation of these particles with themselves (short 
lifetimes, sometimes only minutes), or more likely with larger particles, forms particles 
in the accumulation mode, in the range 100-2500 nm. The coagulation rates for particles 
in the nuclei range with the larger particles in the accumulation range are usually much 
larger than for self-coagulation of the small particles; this occurs because of the high 
mobility of the smaller particles combined with the larger target area of the bigger 
particles (Finlayson-Pitts & Pitts, 2000).  
Accumulation mode particles include those produced from condensation of low-vapour-
pressure gaseous species on Aitken nuclei (Seinfeld & Pandis, 2006), as well as particles 
remaining after cloud or fog droplets evaporate (Hobbs, 2000) This mode accounts for 
most of the aerosol surface area and a substantial fraction of the aerosol mass, and is so 
named because particle removal mechanisms are least efficient in this regime, causing 
particles to accumulate there (Seinfeld & Pandis, 2006).  
Finally, coarse mode particles are usually produced by mechanical processes such as 
grinding, wind, or erosion and include sea salt and anthropogenic and natural dust. 
Particles in this mode have sufficiently large sedimentation velocities, so are removed 
from the atmosphere relatively quickly (residence time ~ 1 day) by gravitational settling, 
precipitation and impaction onto surfaces (depending on wind speed; Hussein et al., 
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2006), although large scale transport mechanisms such as Saharan dust storms can 
transport them over long distances.  
Figure 1.2 shows the size distribution of atmospheric aerosols from specific sources. 
Because of the nature of their sources, fine particles generally contain far more organics 
than the coarse particles (except biologically derived particles) as well as soluble 
inorganics such as NH4
+, NO3
-
 , and SO4
2-. 
 
Figure 1.2. Size ranges of atmospheric aerosols from specific sources. Adapted from Finlayson-
Pitts and Pitts (2000). 
 EFFECTS OF ATMOSPHERIC AEROSOLS 
1.4.1 CLIMATE EFFECTS 
The effects of aerosols on the Earth’s climate are measured as radiative forcing, defined 
as “rate of energy change per unit area of the globe as measured at the top of the 
atmosphere”. Radiative forcing due to aerosols can be positive or negative, depending on 
the chemical composition, physical and optical properties of the particles (Heald et al., 
2014). Uncertainties for all of these are large, which is why aerosols are still the most 
uncertain drivers for global climate change (Myhre et al., 2013). Aerosols can have both 
direct and indirect effects on the climate, which the IPCC have estimated as -0.27 (-0.77 
to 0.23) W/m2 and -0.55 (-1.33 to -0.06) W/m2 respectively (shown in Figure 1.3) (IPCC, 
2013). Together these offset almost 50% of the positive radiative forcing due to CO2, and 
30% of that due to all greenhouse gases combined. 
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Figure 1.3. Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for 
the main drivers of climate change (IPCC, 2013).  
Direct Effects 
Figure 1.4 shows the radiative mechanisms associated with the direct and indirect effects 
of atmospheric aerosols on the climate. The direct effect refers to the ability of particles 
to scatter and absorb incoming solar radiation, as well as radiation emitted or reflected by 
the Earth’s surface, thus affecting the planetary energy balance. Chemical composition, 
refractive indices of the components, size and shape all affect how much radiation 
particles scatter or absorb (Stier et al., 2007). Particles comprised of or containing sulfates 
and nitrates (particularly as a coating around a core) scatter incoming solar radiation, 
some of which returns to space, resulting in net cooling of the atmosphere. Sulfate, nitrate, 
dust, and primary and secondary organic aerosols are all estimated to contribute to 
negative radiative forcing of -0.4, -0.11, -0.1, -0.09 and -0.03 W/m2 respectively (Myhre 
et al., 2013). BC aerosols absorb outgoing terrestrial radiation and have a positive 
radiative forcing effect (0.4 W/m2), which is only slightly less than that of methane (0.48 
W/m2). Biomass burning emissions, where BC and organic aerosol offset each other, 
result in a negligible radiative forcing effect. Organic aerosol can also absorb radiation, 
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particularly that with ultraviolet wavelengths (Feng et al., 2013). This fraction of organic 
aerosol is often referred to as brown carbon and has been shown to directly absorb up to 
50% of 405 nm solar radiation during periods associated with wildfire emissions (Healy 
et al., 2015). 
 
Figure 1.4. Schematic diagram showing various radiative mechanisms associated with direct and 
indirect effects of aerosols (IPCC, 2007). Small black dots represent aerosol particles, large 
circles represent cloud droplets and smaller circles represent cloud droplet number concentration 
(CDNC). Straight lines represent solar radiation, wavy lines represent terrestrial radiation and 
grey dashes represent rainfall. LWC refers to liquid water content. 
Indirect effects 
The indirect effect refers to the ability of particles to act as cloud condensation nuclei 
(CCN) or ice nuclei (IN) (Lohmann & Feichter, 2005), and is the largest uncertainty in 
global climate models (Figure 1.3). Part of this uncertainty stems from particle 
composition, which is highly variable and dependent on location, source and degree of 
atmospheric processing. Water can condense onto particles if they are hydrophilic 
enough, growing them into cloud droplets. Clouds can reflect or trap radiation depending 
on their altitude and type. Thick, low level clouds (stratus, cumulus or stratocumulus) 
reflect solar radiation whereas less dense high altitude clouds (cirrocumulus) transmit 
solar radiation and prevent radiation from the Earth’s surface from leaving the atmosphere 
(Finlayson-Pitts and Pitts, 2000). Aerosols result in smaller, more numerous cloud 
particles which then reflect more solar radiation. Smaller cloud particles decrease 
precipitation efficiency, thus prolonging cloud lifetime, and delay the onset of freezing 
(Lohmann and Feichter, 2005). Absorption of solar radiation by particles (containing e.g. 
BC) may cause evaporation of cloud droplets (a semi-direct effect).  
Aerosols can act as IN by coming into contact with supercooled cloud droplets (contact 
freezing) or by acting as deposition nuclei. Unlike CCN, ice nuclei are generally insoluble 
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particles; Murray et al. (2012) found that below -15 °C mineral dust and soot particles 
dominate ice nucleation. The most active IN (those nucleating ice at the highest sub-zero 
temperatures) discovered so far are of biological origin (bacteria, fungal spores, pollen, 
etc.) (Després et al., 2012).  
1.4.2 HEALTH EFFECTS 
The World Health Organization (WHO) considers clean air to be a basic requirement of 
human health and well-being. However, many epidemiological studies conducted around 
the world have demonstrated the role of atmospheric PM pollution in increased mortality 
and morbidity rates due to respiratory diseases such as asthma, chronic obstructive 
pulmonary disease, and bronchopulmonary cancers, as well as cardiovascular diseases 
(Dockery et al., 1993; Dockery & Pope III, 1994; Dockery, 2001; Pope III et al., 2002, 
2004a, 2004b; Pöschl, 2005; Pope III & Dockery, 2006; Dockery, 2009). In addition, 
toxicological studies on human cells and animal models (Oberdörster et al., 2005) have 
provided solid evidence for the association of elevated atmospheric PM concentrations 
with both short-term and long-term health effects, including chronic respiratory and heart 
diseases, lung cancer, and damage to other organs (Ghio & Devlin, 2001; Schwarze et al., 
2006). In 2013 the WHO International Agency for Research on Cancer (IARC) classified 
outdoor air pollution, and specifically particulate matter, as carcinogenic to humans 
(Loomis et al., 2013). An estimated 3.7 million premature deaths per year worldwide are 
thought to be due to PM10 exposure, with an estimated 223,000 deaths specifically from 
lung cancer (Loomis et al., 2013; Straif et al., 2013). Particle size and shape are critical 
factors controlling the extent to which airborne particles penetrate and interact with the 
human respiratory tract (Schwartz & Neas, 2000), while an increasing number of studies 
have found associations between particle number and adverse health effects (Zhang et al., 
2009a; Atkinson et al., 2010; Niu et al., 2010; Oberdörster et al., 2010).  
Figure 1.5 shows the extent to which particles in different size ranges penetrate the 
airways and lungs. Coarse fraction particles (> PM2.5) generally deposit quickly in the 
mucus of the nose and upper respiratory tract, where cilia (small hair-like projections) 
move them into the gastrointestinal tract via swallowing (Finlayson-Pitts and Pitts, 2000). 
Particles less than 2.5 µm in diameter can reach the alveolar gas-exchange region of the 
lungs, where soluble components may be taken up into the bloodstream. This region does 
not have a protective mucus layer; instead macrophages (the immune system’s 
scavengers) remove particles deposited on the lungs’ surfaces. However, this removal 
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system is slower and can be overwhelmed by large particle numbers or by particle toxicity 
(Salvi & Holgate, 1999). Ultrafine particles are sufficiently small to undergo transfer 
across the epithelial cells and into the circulatory and lymphatic systems. Only ~20% of 
these particles are removed once deposited in the alveolar region, compared to 80% of 
particles larger than 500 nm (Oberdörster et al., 2005). Ultrafine particles induce more 
oxidative stress and a stronger pro-inflammatory response than larger particles, due to 
their large surface area. Composition also plays a role in particle toxicity, with acidic or 
toxic species, such as heavy metals or polycyclic aromatic compounds, thought to be the 
main sources of reactive oxygen species (ROS) and carcinogens (Harrison & Yin, 2000). 
 
Figure 1.5. Extent to which particles in different size ranges penetrate into the airways and 
lungs. 
ROS includes the superoxide radical anion (·O2
-), hydrogen peroxide (H2O2), and the 
hydroxyl radical (·OH) (Halliwell & Cross, 1994; Halliwell & Whiteman, 2004). ·OH is 
the most powerful and destructive ROS species in vivo, damaging DNA and cell 
membranes through lipid peroxidation (Halliwell & Cross, 1994). Among numerous 
particulate matter constituents, metals and quinoid compounds have been identified as 
major species that can catalyse the generation of ROS in cells (See et al., 2007; 
Shinyashiki et al., 2009). Most of the ROS activity in the organic fraction of diesel 
exhaust particles has been associated with quinone-like substances (Shinyashiki et al., 
2009). Particles can form ROS in two ways after deposition into the lungs; through 
chemical reactions of redox-active components in the particles and through biological 
responses to the particles (Ma et al., 2015b). Ionisable metals mediate the formation of 
ROS through catalysing Fenton type reactions, whereas quinoid compounds can serve as 
catalysts to transport electrons from biological reducing equivalents like nicotinamide 
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adenine dinucleotide phosphate (NADPH) or ascorbate in cells to dissolved O2 and lead 
to continuous production of ·O2
- and H2O2 (Tao et al., 2003). 
1.4.3 AIR QUALITY LEGISLATION 
The WHO has provided guideline targets for both PM10 and PM2.5 mass. Annual mean 
and 24-hour mean mass values are included in order to take into account long term and 
short term exposure effects. For PM2.5 the annual mean target is 10 μg/m3, with a 24-hour 
mean of 25 μg/m3. The PM10 targets are 20 μg/m3 and 50 μg/m3 for the annual and 24-
hour mean respectively (WHO, 2006). In Europe the EU Clean Air for Europe directive 
(CAFE – Directive 2008/50/EC) sets limits for PM10 and PM2.5 emissions; a 24-hour and 
annual mean of 50 μg/m3 and 40 μg/m3 for PM10 and an annual mean of 25 μg/m3 for 
PM2.5. Several studies have suggested that the exposure–response relationship between 
particulate pollution and mortality is essentially linear (WHO, 2006). In a linear 
relationship, increasing exposures are associated with increases in the frequency of 
effects. An important implication of this is the absence of a no-observable-effect level or 
limit value below which effects are not observed, meaning the effects of pollutants occur 
even at very low levels (WHO, 2006). Therefore, any standard or guideline value is 
unlikely to provide complete protection for every individual against all possible adverse 
health effects of particulate matter.  
 MEASUREMENTS OF AEROSOL PARTICLES 
Reducing anthropogenic aerosol emissions is essential given that air pollution affects 
human health even at low levels. To facilitate this it is important to accurately identify 
and quantify the contribution from the many sources of aerosols, both natural and 
anthropogenic.  
The chemical composition of atmospheric aerosols is classically analysed off-line, using 
particles collected on filters. The nature of this analysis depends on the species targeted. 
Elements can be identified using X-ray fluorescence (XRF), particle-induced X-ray 
emission (PIXE) and inductively coupled plasma mass spectrometry (ICP-MS) 
(Finlayson-Pitts and Pitts, 2000). Water soluble inorganic ions and organic carbon species 
(WSOC) can be quantified using ion chromatography (IC), infrared and Raman 
spectroscopy and also mass spectrometry (MS) (Finlayson-Pitts & Pitts, 2000; Heard, 
2006). EC and OC can be measured and discriminated using thermal methods, digestion, 
extraction, and optical techniques (Watson et al., 2005). The large number of species 
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which constitute the OC fraction can be further distinguished by mass spectrometry, high-
performance liquid chromatography (HPLC) and gas chromatography mass spectrometry 
(GC-MS) (Finlayson-Pitts & Pitts, 2000; Heard, 2006). Particles collected on filters using 
multi-stage impactors can be analysed gravimetrically, producing mass concentrations for 
different size ranges (depending on the number of impactor stages). The filters can also 
be analysed by scanning electron microscopy (SEM) or transmission electron microscopy 
(TEM) to investigate individual particle size and shape, while combination with energy 
dispersive X-ray (EDX) spectrometry can provide for identification of elements contained 
in the particles (Choël et al., 2006; Marris et al., 2012).  
There are however several limitations to off-line measurements that catalysed the 
development of real-time on-line monitoring techniques. The trace nature of many 
analytes means a sufficient amount of material must be collected on the filters to pass the 
detection limits of the analytical techniques. This results in sampling times of several 
hours to days, therefore limiting the time resolution. High time resolution is particularly 
desirable when studying point sources such as ships or an industrial facility, which may 
emit large amounts of aerosol over hours or even minutes. Filter measurements are also 
subject to several sampling artefacts. Semi-volatile species may evaporate, collected 
particles may react with other particles or gases on the filter in the time between sampling 
and analysis and quartz filters can adsorb organic gases altering the OC fragments 
measured using GC-MS (Finlayson-Pitts & Pitts, 2000; Heard, 2006; Prather et al., 2008). 
Particle bouncing, interstage particle losses and deposition onto impaction walls are 
significant artefacts for multi-stage impactors (Sanderson et al., 2014). Some analytical 
methods also require time-consuming sample preparation and analysis steps (Riffault et 
al., 2015).  
Online measurements of particle number and mass concentration can be made quickly 
and relatively simply with a scanning mobility particle sizer (SMPS) or optical particle 
sizer/counter (OPS/OPC) and a tapered element oscillating microbalance (TEOM). 
Several ionic species can be measured with an hourly resolution by coupling a Particle 
into Liquid Sampler (PILS) with ion chromatography (Heard, 2006), while EC can be 
monitored using optical instruments (EC is then referred to a Black Carbon, BC) such as 
multiangle absorption photometer (MAAP) or an aethalometer.  
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1.5.1 AEROSOL MASS SPECTROMETERS 
The deployment of mass spectrometers in field measurements has become more common 
over the last decade, as they provide the average chemical composition or mixing state of 
individual particles in real time and have been instrumental in source identification and 
apportionment (Prather et al., 2008; Healy et al., 2010; Pratt & Prather, 2012). The 
fundamental principle of an aerosol mass spectrometer is to sample airborne particles, 
vaporize and ionize them, and then analyse them using mass spectrometry. A number of 
aerosol mass spectrometers have been developed including the Aerosol Time of Flight 
Mass Spectrometer (ATOFMS) (Prather et al., 1994; Gard et al., 1997), Aerosol Mass 
Spectrometer (Aerodyne AMS) (Jayne et al., 2000a, 2000b; Zhang et al., 2011b), Laser 
Mass Analysis of Particles in the Airborne State (LAMPAS) (Hinz et al., 1994), Particle 
Analysis by Laser Mass Spectrometer (PALMS) (Murphy & Thomson, 1995; Thomson 
et al., 2000), Rapid Single Particle Mass Spectrometer II (RSMS-II) (Phares et al., 2002) 
and Single Particle Aerosol Mass Spectrometer (SPAMS) (Fergenson et al., 2004; Martin 
et al., 2007a). Overviews of these instruments are provided elsewhere (Sullivan & 
Prather, 2005; Pratt & Prather, 2012) and the co-location of PALMS, ATOFMS, RSMS-
II and AMS in Atlanta has been compared by (Middlebrook et al., 2003). The AMS and 
single particle mass spectrometers such as the ATOFMS operate using different 
principles. The AMS utilises thermal desorption, electron impact ionisation and 
quadrupole time-of-flight mass spectrometry to quantify nitrate, sulfate, ammonium, 
chloride and organics in the range 50-700 nm (Da) but is unable to measure the refractory 
portion (EC, sea salt, metals) of atmospheric aerosol (Heard, 2006). The ATOFMS uses 
triggered laser desorption/ionisation and time-of-flight mass spectrometry to provide 
composition (EC, OC, metals, sea salt, inorganic species, etc.) of individual particles in 
the range 100-3000 nm (Da, and size range varies for the type of single particle mass 
spectrometer used). Measurements of individual particle composition can determine the 
aerosol’s internal mixing states (species in the same particle) and external mixing state 
(mixture of single particles comprising the bulk aerosol). However, inconsistent 
ionisation of a particle’s components results in this information only being qualitative. 
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1.5.2 SINGLE PARTICLE MASS SPECTROMETRY STUDIES 
Single particle mass spectrometers have been deployed during many field measurement 
campaigns in various environments and also employed for lab-based measurements; the 
data has been reviewed in detail recently by Pratt and Prather (2012), Cai et al. (2015) 
and Li et al. (2015). A catalogue of “fingerprint” spectra for particles emitted from 
specific sources and subjected to different types of atmospheric processing has been 
established and is the basis for particle type and source identification in this work. An 
important application of single-particle data is source apportionment of ambient aerosol. 
If a unique particle composition signature can be linked with a specific particulate matter 
source, then a number concentration measurement of that particle composition will 
provide an estimate of the ambient mass concentration arising from the corresponding 
source. However, a single source may release a variety of types of particles, some of 
which may be common to a number of other sources, so independent apportionment of 
every single particle to a distinct source may not always be possible (Tan et al., 2002b). 
A list of key marker ions used to link single particle mass spectra to specific sources is 
given in Table 1.2. 
A wide variety of particle sources have been identified and characterised by single particle 
mass spectrometers and include sea salt, mineral dust, vehicle exhaust, solid fuel 
combustion (coal and wood), shipping and various industrial emissions (Bhave et al., 
2001, 2002b; Liu et al., 2003; Beddows et al., 2004; Spencer et al., 2008; Tao et al., 2011; 
Giorio et al., 2012; Harrison et al., 2012).  
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Table 1.2. Marker ions used to identify particle types by single particle mass spectrometry. 
Source Category Identifying Ions References 
Sea salt  
23[Na]+, 46[Na2]+, 62[Na2O]+, 63[Na2OH]+, 
81,83[Na2Cl]+, 108[Na2NO3]+, 165[Na3SO4]+, 
24[Mg]+, 39, 41[K]+ , 35,37[Cl]–, 58,60[NaCl]–, 
93,95[NaCl2]–, 16[O]–,17[OH]– 
(Noble & Prather, 1997; Gard et al., 
1998a; Hughes et al., 1999; Dall’Osto et 
al., 2004) 
Dust 
23[Na]+, 24[Mg]+, 27[Al]+, 39, 41[K]+,  
40[Ca]+, 54, 56[Fe]+,  48[Ti]+, 64[TiO]+, 
16[O]–,17[OH]–, 43[AlO]−, 59[AlO2]−, 
60[SiO2]−, 76[SiO3]−, 77[HSiO3]−, 
103[AlSiO3]− 
(Silva et al., 2000; Guazzotti et al., 
2001a; Dall’Osto et al., 2004; Creamean 
et al., 2014) 
Traffic 
12,24,36,..[Cn]+, 12,24,36,.. [Cn]−, 40[Ca]+, 
56[CaO]+, 57[CaOH]+, 96[Ca2O]+, 63[PO2]−, 
79[PO3]−, 95[PO4]− 
(Silva and Prather, 1997; Gross et al., 
2000; Song et al., 2001; Suess and 
Prather, 2002; Gross et al., 2005; 
Sodeman, Toner and Prather, 2005; 
Toner, Sodeman and Prather, 2006; 
Toner et al., 2008; Jeong et al., 2015) 
Coal combustion 
12,24,36,..[Cn]+, [12,24,36,..Cn]−, 27[C2H3]+, 39, 
41[K]+, 97[HSO4]− 
(Guazzotti et al., 2003; Healy et al., 
2010; Furutani et al., 2011; Wang et al., 
2013) 
Biomass burning (wood, 
corn kernels, rice &  corn 
straw) 
39, 41[K]+, 113,115[K2Cl]+, 213,215[K3SO4]+, 
26[CN]−, 42[CNO]−, 45[CHO2]–, 
59[C2H3O2]–, 71[C3H3O2]–, 12,24,36,..[Cn]+, 
12,24,36,.. [Cn]− 
(Silva et al., 1999; Qin & Prather, 2006; 
Pagels et al., 2013; Huo et al., 2015) 
Organic carbon (primary & 
secondary) 
27[C2H3]+, 43[C3H7]+/43[C2H3O]+/ 
43[CHNO]+, 51[C4H3]+, 63[C5H3]+, 
77[C6H5]+ 
(Silva & Prather, 2000; McGuire et al., 
2011; Healy et al., 2013) 
Ship exhaust 
51[V]+, 67[VO]+, 56[Fe]+, 58[Ni]+, 97[HSO4], 
12,24,36,..[Cn]+, [12,24,36,..Cn]− 
(Ault et al., 2009; Healy et al., 2009; 
Ault et al., 2010) 
Industrial activities (steel-
making, waste incineration, 
power generation, etc.) 
27[Al]+, 39, 41[K]+,  40[Ca]+, 51[V]+, 
52,53[Cr]+, 54, 56[Fe]+, 55[Mn]+, 63,65[Cu]+, 
64,66,68[Zn]+, 208[Pb]+, 35,37[Cl]– 
(Pekney et al., 2006; Murphy et al., 
2007; Reinard et al., 2007; Dall’Osto et 
al., 2008; Snyder et al., 2009; Taiwo et 
al., 2014b), 
Biological 
39, 41[K]+, 26[CN]−, 42[CNO]−, 63[PO2]−, 
79[PO3]−, 95[PO4]− 
(Sinha et al., 1984; Gieray et al., 1997; 
Steele et al., 2003; Fergenson et al., 
2004; Tobias et al., 2005; Pratt et al., 
2009a; Gaston et al., 2013) 
Amines 
18[NH4]+, 30[CH4N]+, 46[(CH3)2NH2]+, 
59[C3H9N]+, 74[(C2H5)2NH2]+, 
86[(C2H5)2NCH2]+/[C3H7NHC2H4]+, 
101[(C2H5)3N]+, 102[(C3H7)2NH2]+, 
114[(C3H7)2NCH2]+, 143[(C3H7)3N]+ 
(Angelino et al., 2001; McGuire et al., 
2011; Healy et al., 2014) 
Cigarettes 
Nicotine (m/z 84, 161, 163), 39, 41[K]+, 
26[CN]−, 42[CNO]−, 35,37[Cl]–, 59[C2H3O2]– 
(Dall’Osto et al., 2007; Li et al., 2012) 
Fireworks 
23[Na]+, 24[Mg]+, 27[Al]+, 39, 41[K]+, 
138[Ba]+, 155[BaOH]+, 147[KNO3NO2]−, 
163[K(NO3)2]−, 208[Pb]+ 
(Liu et al., 1997; McGuire et al., 2011) 
Secondary inorganic 
(indicative of atmospheric 
processing/ageing) 
30[NO]+, 46[NO2]–, 62[NO3]–, 
89[(COO)2H]–, 97[HSO4]–, 125[H(NO3)2]–, 
195[H(HSO4)2]–, 
(Liu et al., 2000; Moffet et al., 2008b; 
Pratt et al., 2009c; Aggarwal & 
Kawamura, 2009; Yao et al., 2011) 
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Marine and Biological Aerosols 
Atmospheric sea salt particles have been characterised by the presence of Na, Cl and NaCl 
adduct ions (Noble & Prather, 1997; Hughes et al., 1999; Dall’Osto et al., 2004; Freney 
et al., 2006); fresh emissions can be distinguished from those which have undergone 
chlorine loss through heterogeneous reactions between sea salt and nitrate by the lack of 
a sodium nitrate ion, Na2NO3
+ and by the presence of NaCl2
-
 ions (Gard et al., 1998a; 
Guazzotti et al., 2001a). The extent of this Cl replacement can be tracked by monitoring 
the relative signal intensities of Na2Cl
+ and NaCl2
-
 ions (Gard et al., 1998a; Guazzotti et 
al., 2001a). Bromine and iodine have also been found internally mixed with sea salt 
(Murphy et al., 1997; Middlebrook et al., 1998) and to be depleted in particles with 
increasing sodium sulfate content and time spent in the marine atmosphere (Murphy et 
al., 1997).  
Recently, Prather et al. (2013) and Collins et al. (2014) studied the size-resolved chemical 
composition of single particles produced by an enclosed ocean-atmosphere wave channel 
equipped with breaking waves and natural seawater. The sea salt aerosol production 
method was found to influence the chemical composition, size and shape of the particles. 
Examination of mass spectra of single sea salt particles reacted with nitric acid found a 
redistribution of Na+, Mg+, K+ and Ca+ in the core and on the surface of the particles and 
an enhanced organic coating, which has implications for modelling of how sea salt 
particles undergo reactions and take up water (Ault et al., 2013). A simulation of a 
phytoplankton bloom found that particles became enriched with organic species and the 
amount of organic residue around the inorganic cores of the particles increased as the 
bloom progressed (Lee et al., 2015). Analysis of single cyanobacteria and algal cells by 
an ATOFMS (Cahill et al., 2015a) equipped to transmit particles between 1 and 10 µm 
generated complex mass spectra, with many ion peaks unidentified by the authors. It was 
possible to measure the metabolic differences in the cells under environmental stress 
(varying nitrogen conditions) by monitoring the peak for a chloroplast membrane lipid.  
A type of Mg-rich particle was found only in biologically productive seawater based on 
simultaneous single particle, dimethyl sulfide (DMS) and chlorophyll measurements in 
three different marine environments (Gaston et al., 2011), and was also found by 
(Dall’Osto et al., 2005) at a coastal Atlantic site. Biogenic marine emissions can also be 
identified based on the presence of methanesulfonate and elemental sulfur (Gaston et al., 
2010, 2015). 
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Primary biological particles, such as bacterial spores, have been measured with single 
particle instruments (Sinha et al., 1984; Gieray et al., 1997; Steele et al., 2003; Fergenson 
et al., 2004; Tobias et al., 2005; Gaston et al., 2013) and can produce unique markers. 
However these instruments usually only measure the PM2.5 fraction, while most primary 
biological particles are in the coarse fraction. An aerodynamic lens for transmission of 
particles up to 10 µm has recently been developed for the ATOFMS (Cahill et al., 2014) 
but has yet to be applied to biological particles outside the marine environment (Cahill et 
al., 2015a). Particles identified as biological in origin and characterised by calcium, 
sodium, organic carbon, organic nitrogen and phosphate were identified by ATOFMS in 
the 33% of residues of evaporated ice crystals sampled from an aircraft (Pratt et al., 
2009b), but the types of biological particle could not be distinguished. Secondary 
biogenic aerosols, in the form of organosulfates from the reaction of isoprene (a 
significant source of SOA) photo-oxidation products with sulfate particles, have been 
studied using single particle mass spectrometers; organosulfates were found in at least 
65% of submicron particles from a range of different sources (Hatch et al., 2011), and 
one organosulfate was determined as one of the most abundant single organic compounds 
in atmospheric aerosol (Froyd et al., 2010).  
Dust 
Mineral and soil dust particles observed by single particle mass spectrometers typically 
contain Al, Fe, Ca, K, Mg, Na, aluminium oxides, silicates, aluminosilicates and 
phosphates (Silva et al., 2000; Guazzotti et al., 2001b; Sullivan et al., 2007) and are 
usually larger than 1 µm, although submicron dust has also been detected (Bates et al., 
2004; Dall’Osto & Harrison, 2006). Two dust particle types are often observed – one rich 
in calcium, the other rich in aluminium and silicon (Guazzotti et al., 2001a; Dall’Osto et 
al., 2004; Dall’Osto & Harrison, 2006; Moffet et al., 2008b; Furutani et al., 2011). Ca-
rich dust was thought to be locally produced and Al/Si-rich dust identified as Saharan at 
a coastal Atlantic site (Dall’Osto et al., 2004). Freney et al. (2006) identified CaSO4 
(gypsum) particles as arising from construction which took place at their sampling site, 
as well as a Al/Fe/Li dust type which appeared to originate from nearby rock-salting and 
gritting of roads. Titanium, lead, manganese, lithium and zirconium have also been found 
in dust particles (Silva et al., 2000; Guazzotti et al., 2001a; Dall’Osto et al., 2004; Ma et 
al., 2015a). Particles identified as vegetative debris can appear similar to those from 
biomass burning due to a strong signal from potassium and the presence of organic 
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nitrogen ions, so size is a key element in distinguishing the two – vegetative debris 
particles should display a supermicron mode in their size distribution (Dall’Osto & 
Harrison, 2006). However, measurements of aerosol from grass mowing found plant 
debris particles containing potassium and organic nitrogen, with a peak aerodynamic 
diameter of 400 nm (Drewnick et al., 2008), similar to that of biomass burning particles. 
Potassium-rich particles have also been attributed to fly ash from coal  combustion 
(Rijkenberg et al., 2008; Herich et al., 2008; Furutani et al., 2011) and were distinguished 
from biomass burning emissions by the presence of lithium and silicates. Dust can also 
be generated from tyre wear; particles generated in the laboratory were characterised by 
potassium, exo-sulfur aromatics and possible rubber copolymer components, but when 
compared with particles from road dust samples, only 4% could be identified as tyre wear 
(Dall’Osto et al., 2014). This suggested that a rotating tyre on a real road surface creates 
particles internally mixed with minerals from the road surface (Ca, Fe, Al, Ti). Dust 
particle occurrence is sensitive to wind speed, as it is an important factor is suspending 
and transporting crustal materials (Guazzotti et al., 2001b).  
Ship-based ATOFMS measurements carried out during the ACE-Asia campaign found 
that the chemical composition of dust influences the uptake of secondary species with 
aluminosilicate and iron rich dust associated with sulfate while calcium rich dust was 
mixed with nitrate (Sullivan et al., 2007). A similar observation was made at Mace Head, 
Ireland (Dall’Osto et al., 2004) and in Athens (Dall’Osto & Harrison, 2006). Analysis of 
samples collected in the Sahara and ambient measurements performed in Cape Verde and 
Ireland showed that fresh particles contained no secondary species while ambient sample 
data obtained in Cape Verde included nitrate signals; particles sampled in Ireland 
contained nitrate, sulfate and methanesulfonate (Dall’Osto et al., 2010). Asian dust from 
the Gobi desert detected in Gosan, South Korea showed evidence of atmospheric aging 
by heterogeneous chemistry, as those particles were richer in nitrate, while Saharan dust 
detected in Puerto Rico was cloud processed, as the particles were richer in sulfate and 
oxalate (Fitzgerald et al., 2015).  
Combustion Aerosols 
Carbonaceous aerosol, comprised of EC and OC, has been detected in many single 
particle mass spectrometry measurements (Whiteaker et al., 2002; Dall’Osto et al., 2004; 
Ferge et al., 2006; Cozic et al., 2008; Eatough et al., 2008; Moffet & Prather, 2009; 
Bahadur et al., 2010; Dall’Osto & Harrison, 2012; Healy et al., 2012b; Qin et al., 2012; 
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Yang et al., 2012; Healy et al., 2013; Bi et al., 2015) and attributed to a variety of 
combustion sources such as traffic, domestic fuel combustion and industrial processes. 
Locally produced EC (mostly fossil fuel and biomass combustion) was found to 
contribute 79% of the total EC mass measured during winter in Paris (Healy et al., 2012b), 
while the remaining 21% originated from continental transport. While EC is found in 
primary emissions, OC has been attributed to both primary and secondary organic aerosol 
in single particle datasets. OC attributed to aged carbonaceous aerosol or SOA were 
measured in Mexico City (Moffet et al., 2008b), and California (Qin et al., 2012); it was 
also seen in fresh and aged combustion particles in ambient and laboratory measurements 
in Cork (Healy et al., 2010). Furthermore EC and OC have been found mixed in particles 
in a process which has been attributed to OC condensing on EC particle types (Liu et al., 
2003; Moffet et al., 2008b; Qin et al., 2012).  
Single particle mass spectrometers have identified markers capable of distinguishing 
emissions from combustion of different solid fuel types, from both ambient and controlled 
combustion experiments. Coal and wood are the most commonly combusted fuels for 
domestic space heating and readily distinguished by EC, sulfate and frequently lithium 
containing particles produced by coal burning (Guazzotti et al., 2003; Healy et al., 2010; 
Furutani et al., 2011; Wang et al., 2013) and potassium-rich particles produced by 
wood/biomass burning (Silva et al., 1999; Qin & Prather, 2006; Friedman et al., 2009; 
Bahadur et al., 2010; Pratt et al., 2010; Bi et al., 2011; Lea-Langton et al., 2015; Zhai et 
al., 2015). Wildfires, by their nature, are also an abundant source of biomass burning 
particles (Mühle et al., 2007). Controlled combustion experiments of wood have shown 
that combustion temperature, addition of fuel and air supply influence the prevalence of 
OC components, with low combustion temperatures and oxygen concentration resulting 
in the largest number of particles with strong OC markers (Pagels et al., 2013). Other 
biomass fuels have also been combusted; rice and corn straw (major source of biomass 
burning emissions in China) combustion particles were very similar in core composition 
to those from wood combustion (Huo et al., 2015), while particles from combustion of 
dried corn kernels could be distinguished from wood burning emissions by strong 
phosphate signals (Pagels et al., 2013). However this composition is similar to that of 
vegetative debris particles, so size and sampling location are key identifying factors.   
Polycyclic aromatic hydrocarbons (PAHs) have been observed in several ATOFMS 
studies. PAHs present spectra with a broad number of signals associated with high 
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molecular weight carbonaceous fragments, and are of particular interest due to their often 
carcinogenic health effects. PAHs have been associated with traffic emissions in 
measurements undertaken in a road tunnel in California (Gross et al., 2000, 2005), in 
biodiesel and ethanol-gasoline combustion emissions (Dutcher et al., 2011a, 2011b), and 
as SOA formed from photochemical processing of VOCs emitted by traffic (Dall’Osto & 
Harrison, 2012). PAHs in ambient SOA have been found enhanced during the summer 
when aerosol was more photochemically aged and contained more sulfate (Denkenberger 
et al., 2007). The formation of PAHs through photolysis in SOA as well as their oxidation 
by chlorine or photolysis to form SOA has been studied in chamber experiments (Gross 
et al., 2006; Healy et al., 2012a; Riva et al., 2015). High molecular weight OC fragments 
have been associated with potassium and levoglucosan fragments; combined these were 
indicative of aged biomass burning emissions (Qin & Prather, 2006). PAHs have been 
measured at an industrial site and associated with steel-mill activity (Dall’Osto et al., 
2012b) and also in soot samples from an incineration facility, where PAHs were enriched 
in soot sampled from an oxygen-lean part of the process and absent in soot sampled from 
a process with higher oxygen concentrations (Zimmermann et al., 2003).  
Traffic Emissions 
Traffic-related emissions present a unique combination calcium, phosphate and EC in 
single particles in the range 100-300 nm (Silva & Prather, 1997; Gross et al., 2000; Song 
et al., 2001; Suess & Prather, 2002; Gross et al., 2005; Sodeman et al., 2005; Toner et al., 
2006; Shields et al., 2007; Toner et al., 2008; Jeong et al., 2015). Traffic particles have 
also been observed to contain OC fragments (Pastor et al., 2003; Spencer et al., 2006). 
These carbonaceous particle types are evident in many datasets due to the clear diurnal 
(rush hour) profile presented by the emissions. Vehicle exhaust of biodiesel and ethanol-
gasoline combustion has also been studied (Dutcher et al., 2011a, 2011b). A systemic 
reduction in sulfate and EC and an increase in lubricating oil species (calcium, phosphate, 
zinc) was found as a function of gasoline dilution with ethanol; the latter was an indication 
of a proportional increase as the products of incomplete combustion were reduced. 
Concentrations of particle bound PAHs also decreased noticeably based on ATOFMS and 
supporting measurements. A similar reduction in sulfate signal was found for biodiesel 
content. Neither fuel mixtures produced markers unique enough to identify their 
emissions in atmospheric aerosol.  
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Industrial Aerosols 
Single particle mass spectrometry characterisation of industrial particles is discussed in 
Chapter 3, as part of a review of fine and ultrafine particles in the vicinity of industrial 
activities (Riffault et al., 2015). Briefly, industrial particles are distinguished largely by 
metallic species, such as Fe, Pb, Zn, V and Mn. Particles containing vanadium, iron, 
nickel and sulfate have been attributed to heavy oil combustion by sources such as oil 
refineries or shipping (Lake et al., 2004; Ault et al., 2009; Healy et al., 2009; Ault et al., 
2010; Furutani et al., 2011; de Foy et al., 2012; Gaston et al., 2013). Fe-rich particles, 
also containing Pb, K, Zn, V, Ca and Cr depending on the study, have been frequently 
associated with steel-making (Pekney et al., 2006; Murphy et al., 2007; Reinard et al., 
2007; Dall’Osto et al., 2008; Herich et al., 2009; Snyder et al., 2009; Zhang et al., 2009b; 
Furutani et al., 2011; Corbin et al., 2012; Taiwo et al., 2014b), as well as coal-fired power 
generation when the particles also contained La and Ce (Reinard et al., 2007). Pb-rich 
particles have been associated with Pb and Zn smelters (Snyder et al., 2009),waste 
incineration when they also contain Zn and chloride (Moffet et al., 2008a) and welding 
or construction when they also contained Cr (Dall’Osto & Harrison, 2006). K-rich 
particles also rich in chloride can originate from steel-making (Dall’Osto et al., 2008; 
Taiwo et al., 2014b) or coal combustion (Bein et al., 2006, 2007; Zhang et al., 2009b; 
Furutani et al., 2011).  
Amines 
Laboratory studies have been carried out to generate mass spectra for several amine 
species (Angelino et al., 2001), including trimethylamine, di- and triethylamine, and di- 
and tripropylamine, which were found to react with nitric and sulfuric acid to form 
aminium salts. Markers for alkylamines and oxidised amines were found in aged OC-
containing particles in Riverside, California (Pratt et al., 2009c); the amines were in the 
form of aminium salts of nitrate or sulfate in the summer, while during the autumn, nitrate 
and sulfate were preferentially associated with ammonium. A higher fraction of aminium 
sulfate was also found compared to aminium nitrate due to the fact that sulfuric acid is a 
stronger acid than nitric acid. Alkylamines have been detected in ambient air by single 
particle mass spectrometers in a variety of locations, including California, USA 
(Denkenberger et al., 2007; Pratt et al., 2009c; Qin et al., 2012; Gaston et al., 2013), 
Ontario, Canada (Tan et al., 2002a; McGuire et al., 2011; Rehbein et al., 2011), Shanghai 
and Guangzhou, China (Huang et al., 2012; Zhang et al., 2012), Mexico City, Mexico 
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(Moffet et al., 2008b), Mace Head, Ireland (Dall’Osto et al., 2012a), Cork, Ireland (Healy 
et al., 2014), Paris, France (also during NANO-INDUS and ADRIMED/SAF-MED) 
(Healy et al., 2014) and Zurich, Switzerland (Healy et al., 2014). Trimethylamine was 
found to be the most abundant alkylamine present at European sites (Healy et al., 2014), 
as well as in Ontario and Shanghai. This is in contrast to alkylamine-containing particles 
in California, where an ion indicative of triethylamine/dipropylamine or diethylamine is 
routinely observed as the highest intensity alkylamine peak in ambient aerosol. 
Alkylamines have been associated with agricultural emissions, vehicle emissions, waste 
treatment and industrial activities (Healy et al., 2014) and were enriched in particles 
during periods of high relative humidity or fog events, with uptake onto existing particles 
that increased with increasing aerosol acidity (Rehbein et al., 2011). 
Atmospheric Processing 
Aerosol mixing states determined by single particle mass spectrometry can also be used 
to determine particle acidity and hygroscopicity. Mineral dust of different origins has 
been observed to preferentially accumulate nitrate or sulfate depending on its chemical 
composition, which affects its pH and hygroscopicity and therefore its ability to act as 
CCN (Sullivan et al., 2007; Dall’Osto et al., 2010). Combination of ATOFMS and 
hygroscopicity tandem differential mobility analyser (HTDMA) data has shown that sea 
salt and particles containing amines and nitrate are hydrophilic, while the more OC 
particles contain the more hydrophobic they are (Herich et al., 2009; Wang et al., 2014). 
Dust or ash particles with strong aluminium and silicate signals fell into the hydrophobic 
category. Biomass burning particles hygroscopicity varies depending on potassium and 
OC content; a larger potassium salt content resulted in more hydrophilic particles while 
those with more OC were more hydrophobic. The distribution and type of sulfate, nitrate 
and ammonium ions can be used to study gas-to-particle partitioning of nitric and sulfuric 
acid and the extent of neutralisation of atmospheric aerosol (Wang et al., 2009; Yao et 
al., 2011). However, the ionisation efficiency of these ions is not consistent and varies 
with matrix effects (Yao et al., 2011), so aerosol acidity studies by single particle aerosol 
mass spectrometry should generally be considered qualitative.  
Many of the afore-mentioned studies observed particles that contained secondary species 
such as nitrate, sulfate and ammonium ions. Such signals have been identified in many 
different particle types and are indicative of the processing of the particles after emission 
(Hughes et al., 1999, 2000; Liu et al., 2000; Bhave et al., 2002a; Pastor et al., 2003; Moffet 
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et al., 2008c; Dall’Osto et al., 2009b; Pratt & Prather, 2009; Wang et al., 2009). In many 
ATOFMS datasets, fresh particles are distinguished from aged ones by the presence of 
these secondary species (Liu et al., 2003; Healy et al., 2010) and can also be helpful in 
identifying particles from local or transported sources (Healy et al., 2012b). Enhancement 
of nitrate on particles has been shown to closely correlated with high relative humidity 
and lower temperatures (Wang et al., 2009), usually at night or early morning, while it 
can be removed during the day when the photolysis rate (to increase nitrate destruction) 
and temperature (for nitrate product evaporation) increases (Dall’Osto et al., 2009b). 
Through the use of an aircraft-ATOFMS, altitude was found to play a role in secondary 
inorganic ion content (Pratt & Prather, 2010); the number fraction of ammonium and 
nitrate containing particles decreased with increasing altitude (1-7 km), likely due to the 
majority of NH3 and NOX sources being at the Earth’s surface, while those containing 
sulfate were found mainly at higher altitudes, due to cloud processing with SO2. Particle 
coatings of secondary species such as ammonium nitrate and ammonium sulfate have 
been found to decrease the ionisation efficiency of the ATOFMS (Hatch et al., 
2014),while ionisation efficiency of ammonium and nitrate was also found to decrease 
with increasing particle diameter (0.32-1.8 µm range) (Bhave et al., 2002a). The authors 
presumed this to be due to a greater volume of smaller particles ablated/ionised relative 
to larger particles and a lower probability of positive-negative charge recombination in 
the ablation plume of small particles. These are important considerations when analysing 
and reporting single particle data, as they may lead to under-detection of particles 
containing these species. Recent studies have shown that single particle instruments, if 
they produce mass spectra by laser ablation, are capable of creating a ‘depth profile’ of 
the major chemical constituents of a particle’s core and shell (Cahill et al., 2015b). 
Applying this approach to ambient particle coatings is problematic however as there is a 
priori knowledge of the instrument’s sensitivity as a function of laser power for a 
particular matrix composition, which varies considerably for atmospheric aerosols.  
Aqueous-phase reactions in fog or cloud droplets play an important role in transforming 
aerosol and can be studied using the marker hydroxymethanesulfonate (HMS). HMS was 
associated with carbonaceous (EC, OC) and secondary inorganic components 
(ammonium, nitrate and sulfate) during fog events in California and London (Whiteaker 
& Prather, 2003b; Dall’Osto et al., 2009c). The percentage of particles containing HMS 
reached a maximum late in the lifetime of the fog and decreased at times of elevated 
ozone concentrations (Whiteaker & Prather, 2003b). The size distribution of these 
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particles indicated those larger than 700 nm were most affected by the fog and associated 
high relative humidity (Whiteaker & Prather, 2003b; Dall’Osto et al., 2009c). Examining 
the presence of HMS in real-time showed that this transient species remained in the 
aerosol for a limited time of less than 12 hours. 
Ice and Cloud Condensation Nuclei 
The ATOFMS has been used to study insoluble ice and cloud droplet residues, indicators 
for the composition of CCN and IN. Dust, biogenic material (bacteria or vegetative 
debris) and organic carbon from biomass burning are dominant components of cloud 
droplet residues (Holecek et al., 2007; Ault et al., 2011; Creamean et al., 2013, 2014, 
2015). The latter was thought to be water soluble species dissolved in the precipitation 
solution and resuspended independent of the potassium cores. During one study, sea salt 
was found to be mixed with dust, either internally through cloud processing or as a salt 
coating on the dust particle after being in solution (Holecek et al., 2007). Sea salt was also 
found mixed with EC, hypothesised to have coagulated in clouds and then acted as CCN. 
EC inclusion in a material with a high refractive index, such as sulfate or sodium chloride, 
can result in strong absorption of solar radiation (Holecek et al., 2007). Furutani et al. 
(2008) found a distinct relationship between atmospheric ageing (represented by the 
presence of ammonium, sulfate and nitrate) and CCN activity, with the most aged air 
masses showing the highest CCN activity and smallest activation diameters. Oxalic acid, 
the most abundant low molecular weight dicarboxylic acid in atmospheric aerosols, has 
a high water solubility resulting in it being very CCN active. In Shanghai, biomass 
burning was the dominant primary source of oxalic acid (Yang et al., 2009). Pacific 
shipboard measurements found a preferential enrichment of oxalic acid in mineral dust 
over carbonaceous particles (Sullivan & Prather, 2007), resulting from oxalic acid 
produced through photochemical oxidation of VOCs partitioning to the alkaline calcium 
rich dust particles. 
At a high-alpine research station in the Swiss Alps mineral dust was the dominant 
contributor to ice residue, while sulfate and nitrate dominated the cloud droplet residues 
(Kamphus et al., 2010). A second study at the same site found an enrichment of EC 
particles in ice residues, which were always associated with organic carbon and often 
with potassium (Cozic et al., 2008). The ability of EC and biomass burning particles to 
act as IN appear to depend on the relative humidity and temperature of the freezing regime 
(Corbin et al., 2012).  
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Ultrafine Particles 
Although the most commonly used single particle mass spectrometers, such as the 
ATOFMS, typically only measure particles larger than 100 nm, smaller particles for the 
study of CCN, new particle formation and traffic emissions have been detected with these 
instruments (Kane & Johnston, 2000; Kane et al., 2002; Phares et al., 2002, 2003; Su et 
al., 2005, 2006; Shields et al., 2008; Creamean et al., 2011; Zauscher et al., 2011). This 
requires the aid of particle concentrators to grow ultrafine particles to a detectable size by 
concentration or an aerodynamic lens designed for transmission of particles less than ~ 
300 nm in diameter.  
Miscellaneous 
Single particle mass spectrometry has also been used to characterise tobacco smoke (Hinz 
et al., 1994; Dall’Osto et al., 2007; Li et al., 2012), pesticide residues (Whiteaker & 
Prather, 2003a), chemical warfare agent simulants (Martin et al., 2007a), explosives 
(Martin et al., 2007b) inhaler-delivered drugs (Morrical et al., 2015), fireworks (Liu et 
al., 1997; McGuire et al., 2011) and particulate mercury (Hall et al., 2006).  
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 OVERVIEW 
1.6.1 AIMS OF RESEARCH 
The overall aims of this study can be summarised as follows: 
 To deploy an Aerosol Time of Flight Mass Spectrometer (ATOFMS, model 3800) 
at an industrial location in Dunkirk, France and at a regional background location 
in Corsica, France as part of the NANO-INDUS and ADRIMED/SAF-MED field 
measurement campaigns respectively. 
 To use the ATOFMS datasets to determine the size-resolved chemical 
composition of atmospheric single particles in the size range 100 to 3000 nm in 
real-time. 
 Interpretation of the ATOFMS data to determine: 
(i) To investigate the types of particles produced by local industrial point 
sources; 
(ii) The influence of regional transport on particle composition at a regional 
background location; 
(iii) To obtain reconstructed mass concentrations for ATOFMS particles and 
compare these with coincident quantitative measurements at both 
measurement locations.  
1.6.2 OVERVIEW OF THESIS 
Chapter 1 presents a brief introduction to the sources, composition, physical properties 
and effects of atmospheric aerosols. A brief literature review of previous field studies 
undertaken using single particle mass spectrometers is also provided. 
Chapter 2 provides an overview of the operating principles for the ATOFMS and data 
analysis techniques used during the work described within this thesis.  
Chapter 3 provides details of the ATOFMS deployment in Dunkirk, France during the 
NANO-INDUS campaign. The ATOFMS identified the particle types present at the site 
during the sampling period in the range 100 to 3000 nm. 
Chapter 4 describes the deployment of the ATOFMS during the ADRIMED/SAF-MED 
field measurement campaigns in Corsica, France.  
Chapter 5 presents a short summary of the work performed in this thesis and perspectives.   
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 AEROSOL TIME-OF-FLIGHT MASS 
SPECTROMETER (ATOFMS) 
The data collected during the NANO-INDUS and ADRIMED/SAF-MED field 
measurement campaigns was obtained by an aerosol time-of-flight mass spectrometer 
(ATOFMS), TSI model 3800, supplied by TSI Inc. Shoreview, MN, USA. The instrument 
was originally developed by Dr. K.A. Prather and co-workers from University of 
California, Riverside, USA (Nordmeyer & Prather, 1994; Prather et al., 1994; Gard et al., 
1997) to measure the size and chemical composition of single particles with aerodynamic 
diameters between 100-3000 nm. The core composition of single particles, in the form of 
EC, OC, transition metals or sodium chloride, as well as secondary species such as nitrate 
and sulfate, can be determined by the ATOFMS. Interpretation of particle composition, 
temporal profiles, size distributions and other data, such as meteorological information, 
effectively allows the user to perform source apportionment, assigning particles to natural 
and anthropogenic sources (Healy et al., 2010).  
A schematic diagram of the ATOFMS is shown in Figure 2.1. It consists of three main 
operating regions described in detail in the following sections. Aerosol is drawn in 
through the inlet and into the sampling region where a particle beam is generated. The 
particles travel into the sizing region where they are detected by two lasers (λ=532 nm) 
to determine the particles aerodynamic diameter. The particle then enters the mass 
spectrometer region and is hit by a pulsed ultraviolet laser (λ=266 nm) to produce gaseous 
ions which enter the time-of-flight mass spectrometers to yield a positive and negative 
ion mass spectrum of the single particle. 
  
Figure 2.1. Schematic of the aerosol time-of-flight mass spectrometer (ATOFMS) (TSI, 2007). 
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2.1.1 PARTICLE SAMPLING 
This system consists of an initial flow-limiting orifice (which sets the gas flow rate to 0.1 
L/min), a relaxation chamber (which forces the particles to decelerate, minimising wall 
losses), an aerodynamic focusing lens (TSI model AFL100) and an accelerating nozzle. 
A particle must travel along the centreline of the system in order to be drawn through the 
sizing region and into the mass spectrometer region. Because of the greater mass of 
particles compared to gas molecules, particles deviate from streamlines of expanding gas 
emerging from an orifice. The transit of the particle through the system is governed by 
the Stokes number (St), which is related to the particle density and size, along with the 
orifice diameter and the gas velocity. If St = 1 the particle will travel along the centreline 
while particles with St = 0 follow the gas streamline. Particles with St < 1 deviate from 
the streamlines while particles with St > 1 cross the centreline at the orifice and diverge 
from the centreline downstream (Johnston, 2000). The AFL consists of five successively 
smaller orifices; particles are transported closer to the centreline after passing each orifice 
and finally focused into a beam < 1 mm diameter. A schematic of this process is shown 
in Figure 2.2. Upon leaving the AFL, the accelerating nozzle controls supersonic gas 
expansion and acceleration of the particles to their terminal velocity, a factor that is based 
on aerodynamic diameter (Jayne et al., 2000; Johnston, 2000; Su et al., 2004). 
 
Figure 2.2. Schematic of the operation of an aerodynamic focusing lens (AFL) (TSI, 2007). 
2.1.2 PARTICLE SIZING 
Having reached their terminal velocities, the particles travel between two continuous-
wave, diode-pumped, solid state lasers (λ=532 nm, 50 mW) that are separated vertically 
by a distance of 6 cm and orientated perpendicularly to each other; this ensures that only 
particles that travel straight down the centre of the instrument are sized and counted. As 
the particle crosses the laser beam the scattered light is detected by a photomultiplier tube 
(PMT) and the signals from the two lasers are used to start and stop a clock registering 
the transit time (TSI, 2007). The transit time is then converted to aerodynamic diameter 
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using a calibration curve generated by performing separate measurements on polystyrene 
latex (PSL) spheres of known diameters. The wavelength of these lasers determines the 
lower size limit of the instrument; detection of smaller particles (< 150 nm) becomes 
increasingly difficult because they are unable to scatter enough light to be detected by the 
PMT (Su et al., 2004).  
2.1.3 PARTICLE IONISATION 
The transit time of the particles through the two laser velocimeter of the sizing region is 
used to trigger a pulsed desorption/ionisation (D/I) Nd:YAG (λ=266 nm) laser to hit the 
moving particle as it arrives at the centre of the mass spectrometry region. The D/I laser 
operates with a maximum output of 5 mJ/pulse with a pulse length of 5 ns and a maximum 
pulse rate of 20 Hz (TSI, 2007). The D/I laser ablates the particle, simultaneously 
generating positive and negative ions which then enter one of the two collinear time of 
flight (TOF) mass spectrometers (Prather et al., 1994; Gard et al., 1997; TSI, 2007). The 
time of flight of ions is measured from a starting point (here the ionisation event) until 
the ions arrive at the detector. Once generated, the ions are accelerated into a flight tube 
due to a potential generated by source plates. This acceleration (and therefore the velocity 
they reach at the end of the ion source) depends only on their mass-to-charge (m/z) ratio, 
so ions with a small m/z are accelerated to a higher terminal velocity than ions with a 
large m/z.  
Ions can acquire additional kinetic energy in the D/I process which results in ions with 
the same m/z attaining different velocities and causes peak broadening in the mass 
spectrum. To reduce this effect, a reflectron is employed in each flight tube. In the 
reflectron (which is composed of a series of electrodes with a potential ramp applied) the 
ions slow down, stop, turn around and are accelerated back across the flight tube. Faster 
ions travel farther into the reflectron and have a longer residence time than slower ions 
with the same m/z, thus focusing ions of the same m/z to hit the detector at the same time, 
reducing the peak width. The ions therefore travel in a U shaped trajectory from the ion 
source through the flight tubes, into the reflectrons, and back through the flight tubes to 
the detectors (micro-channel plates) (Gard et al., 1997). The resolution of the ATOFMS 
mass spectrometer is 500 m/Δm. A schematic of this process is shown in Figure 2.3. 
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Figure 2.3. Schematic of the ATOFMS mass spectrometry region. 
It should be noted that the ATOFMS does not “hit” all of the sized particles. This results 
in a detection efficiency for the instrument which is affected by several factors; (i) 
deviation from the particle beam after being sized, affected by particle shape and/or 
morphology such that the calculated “hit position” for the ionisation laser deviates from 
the actual one (there are no further focusing measures once the beam reaches the sizing 
region, and there is a 12 cm distance between the second sizing laser and the ionisation 
laser) (Hall et al., 2006), (ii) busy time during data acquisition (the instrument is only 
capable of calculating the time of flight and therefore D/I trigger time of a certain number 
of particles per second), (iii) charged particles that deviate from the ATOFMS source 
region due to the voltages applied at the source (Shields, 2008), and (iii) the composition 
of the particles - pure sulfuric acid, ammonium sulfate, and water have relatively high 
ionization thresholds at 266 nm (Thomson et al., 1997; Kane & Johnston, 2000) and hit 
rates as low as 5% were observed in Atlanta when sulfate concentrations were high 
(Wenzel, 2003). During the operation of the ATOFMS for both measurement campaigns 
performed in this work, 10 – 20% of the sized particles were successfully ionised. 
 DATA ANALYSIS 
ATOFMS datasets require particle size calibrations and mass spectra calibrations prior to 
analysis. Size calibrations were performed prior to each measurement campaign using 
PSLs of known aerodynamic size (mean diameters of 240, 300, 400, 560, 700, 900 and 
1300 nm). The PSLs were introduced into the instrument using a nebuliser and dryer and 
their transit time between the two sizing lasers was related to their aerodynamic diameter 
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using a calibration curve. Mass spectra calibrations are necessary to convert the measured 
time-of-flight into an m/z value and were performed daily using the ambient data collected 
during the measurement campaigns. Ions with readily identifiable signals and no isobaric 
interferences, such as EC fragments, nitrate, sulfate, K+ and Pb+ and their isotopes, were 
present in the ambient mass spectra and used in the calibrations. Daily calibrations using 
the ambient data minimises the effect of any changes in the TOF performance throughout 
the measurement periods, such as voltage fluctuations. Peaks in a wide range of ambient 
mass spectra collected per day were assigned m/z values, producing a calibration curve 
which was then applied to the full dataset.  
Analysis of the calibrated ATOFMS data was performed using ENCHILADA 
(environmental chemistry through intelligent atmospheric data analysis), a freeware SQL-
based program for analysing single particle data developed at Carlton College, 
Minnesota, USA by Gross et al. (2010). The K-means algorithm (MacQueen, 1967) was 
applied, involving clustering of the single particle mass spectra into a user defined number 
of clusters (K) based on their spectral similarity (square of Euclidean distance) (Anderson 
et al., 2005). The algorithm employed a refined centroid approach, where 50 subsets of 
the dataset were first clustered separately in order to find optimal starting centroids or 
“seeds” for clustering the entire dataset. Once these centroids were chosen, several passes 
of the dataset were performed until two successive iterations produced identical cluster 
assignments. The user-defined K value is then increased until further increases do not 
significantly affect the average distance of each particle from its assigned centroid in 
Euclidean space. At this point there are usually several clusters with a small population 
which indicates that the clustering is approaching the optimum K value. A K value of 80 
was used for both the NANO-INDUS and ADRIMED/SAF-MED datasets. The user then 
inspects the resulting clusters for homogeneity. ENCHILADA produces a histogram for 
each cluster detailing the amount of particles each ion is present in; this information can 
be used to determine if the cluster is composed of two or more particle types, in which 
case it is sub-clustered to separate these types from each other. Particles with the same 
major ions can also be clustered differently if the signal intensities of those ions vary. 
Clusters exhibiting very similar average mass spectra (including those with the same 
major ions but varying relative signal intensities), comparable temporal trends and size 
distributions were merged. The final clusters were then identified as particle classes.  
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The particle class labelling scheme used herein is regularly used in the literature 
(Dall’Osto and Harrison, 2006; Spencer et al., 2006; Ault et al., 2010; Pratt and Prather, 
2012) and indicates either the probable source (e.g. sea salt) or the dominant species in 
the positive mass spectra (e.g. K, EC, Fe etc.), with the order of the ions indicating their 
relative mass spectral intensities. For example, a particle class with high intensity mass 
spectral features for sodium and magnesium is labelled Na-Mg. In some cases this is 
followed by a secondary species detected in the negative mass spectra (e.g. K-NOX), 
which usually provides insight into the atmospheric ageing the particles have undergone 
locally or during transport (Reinard et al., 2007). Common assignments for m/z generated 
by ATOFMS can be found in Table 2.1. 
Table 2.1. Assignments for m/z found in average mass spectra of ATOFMS particle classes. 
Positive Ions  Ion/Fragment Negative Ions Ion/Fragment 
7  Li+ -12, -24, -36,… Cn- 
12, 24, 36,...  Cn+ -16, -17 O-, OH- 
18  NH4+ -19 F- 
23  Na+ -26,-42  CN-, CNO- 
24  Mg+ -32 O2- 
27  Al+/C2H3+ -35, -37 Cl- 
30  NO+/CH4N+ -43, -59 AlO-, AlO2- 
32,64  S+, S2+ -46, -62 NO2-, NO3- 
39, 41  K+ -60, -87 CO3/SiO2/C5-, AlCO3- 
40, 56, 96  Ca+, CaO+, Ca2O+ -63, -79 PO2-, PO3- 
43, 51, 63, 77  C3H7+/C2H3O+, C4H3+, C5H3+, C6H5+ -76, -77 SiO3-, HSiO3- 
46  Na2+ -88 FeO2- 
48, 64  Ti+, TiO+ -89 (COO)2H- 
51, 67  V+, VO+ -93,-95 NaCl2- 
52,53  Cr+ -95 CH3SO3- 
55  Mn+ -97 HSO4- 
56  Fe+ -103, -120 AlSiO3-, AlSiO4-/Si2O4- 
58  Ni+ -125 H(NO3)2- 
59  CaF+/ C3H9N+ -195 H(HSO4)2- 
63, 65  Cu+   
64, 66, 68  Zn+   
81, 83  Na2Cl+   
86  (C2H5)2NCH2+/C3H7NHC2H4+   
108  Na2NO3+   
113,115  K2Cl+   
138, 155  Ba+, BaOH+   
208  Pb+   
213, 215  K3SO4+   
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2.2.1 SCALING AND MASS RECONSTRUCTION 
Although single-particle mass spectrometers such as the ATOFMS are capable of 
identifying specific sources for unique particle classes (and general sources for less 
unique classes), they do not provide quantitative information in the form of particle 
number or mass concentrations. The transmission biases of the AFL, the number of 
particles the system can size and ionise at any given time, as well as the limits of the 
sizing lasers hinder full and accurate counting of particles over the ATOFMS size range. 
Allen et al. (2000) showed that particle detection efficiency conformed to a power law of 
diameter, decreasing by 2 orders of magnitude between 0.32 μm and 1.8 μm. Despite this, 
good agreement between ambient submicron ATOFMS and aerodynamic particle sizer 
(APS) counts has been observed (Rehbein et al., 2011), indicating that temporal variations 
in ATOFMS counts can directly correspond to changes in atmospheric concentrations 
(Qin et al., 2006; Spencer et al., 2008).  
The D/I laser used by the ATOFMS complicates quantitative speciation. The effective 
laser power a particle experiences depends on shot-to-shot fluctuations in laser power 
density, variations in power density (Gaussian) across the laser beam, as well as the 
position of the particle in the beam (Wenzel & Prather, 2004; Steele et al., 2005). These 
factors create variance in the amount of a particle that is desorbed and can also lead to 
variations in resultant mass spectral peak height and area (Reinard & Johnston, 2008), 
although this phenomenon can be countered to some extent by using relative peak area 
for quantification instead (Gross et al., 2000). The sensitivity of a chemical species to 
laser ablation depends on its ionisation potential (Reilly et al., 2000); matrix effects result 
in different sensitivities depending upon the type of constituents also present in the same 
particle (Neubauer et al., 1996; Liu et al., 2000; Bhave et al., 2002a; Hinz & Spengler, 
2007; Qin et al., 2006). Charge-transfer-induced neutralisation may suppress instrumental 
sensitivity for certain species (Reilly et al., 2000), while some particle matrices (e.g. 
ammonium sulfate) simply do not absorb efficiently at 266 nm (Wenzel, 2003). Detection 
of species by ATOFMS can also depend on particle size; sensitivities for nitrate and 
ammonium decline with increasing particle diameter between 0.32-1.8 μm (Bhave et al., 
2002a). Lake et al. (2004) found that, for particles around 1 μm in diameter, over 70% 
produced detectable signals in the negative ion spectrum. As particle size decreased the 
fraction of particles that gave a detectable negative ion signal also decreased; for particles 
100 nm in diameter and smaller only 10% gave a detectable signal. 
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Given these limitations, in order to produce meaningful particle number and mass 
concentrations for ATOFMS particle classes it is advisable to scale the total ATOFMS 
counts using a quantitative particle counting instrument, such as an optical particle 
counter (OPC) (Allen et al., 2000), scanning mobility particle sizer (SMPS) (Bein et al., 
2006; Reinard et al., 2007; Pratt & Prather, 2009) or aerodynamic particle sizer (APS) 
(Qin et al., 2006).  
Particle number concentrations can be derived from a SMPS and OPC/OPS. The SMPS 
operates on the physical principle that the ability of a particle to traverse an electric field 
(electrical mobility) is fundamentally related to particle size (McMurry, 2000). Particles 
entering the system are neutralised (using a radioactive source, Kr85) such that they have 
a Fuchs equilibrium charge distribution. They then enter a differential mobility analyser 
(DMA) where an electric field is created and in which the particles drift according to their 
electrical mobility. The DMA consists of a cylinder, with a negatively charged rod at the 
centre. The main flow through this cylinder is laminar particle free sheath air. The particle 
flow is injected at the outside edge of the DMA; particles with a positive charge move 
across the sheath flow towards the central rod, at a rate determined by their electrical 
mobility. Particles of a given mobility exit through the sample slit at the top of the DMA, 
while all other particles exit with the exhaust flow. This monodisperse distribution then 
goes to a condensation particle counter (CPC) which determines the particle number 
concentration at that size. The operating principle of the CPC is that small particles grow 
to more easily measurable sizes if they are exposed to a saturated vapour of a fluid, e.g. 
n-butanol, which will readily condense if supersaturated. When passed into a cooling 
chamber, the vapour becomes supersaturated and condenses onto any particles that are 
present. The particles grow to micrometer size and are then passed through an optical 
detection cell where their number concentrations by size are obtained using an optical 
counter. Cut-off sizes are controlled by varying the supersaturation in the condensation 
chamber. The size of particle exiting the DMA is determined by the particle size and 
charge, as well as central rod voltage and flow within the DMA. By exponentially 
scanning the voltage on the central rod, a full particle size distribution is built up (Buseck 
& Adachi, 2008).  
All optical particle counters or sizers work on the same principle; the aerosol crosses a 
perpendicular laser beam, creating a light pulse. A detector, set off-axis from the laser 
and particle beam, then records scattering intensity signals from individual particles. 
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These are then processed, using Mie theory and a calibration curve generated using 
calibration particles of known size, to give a total number concentration and a size-
number distribution.  
It is also possible to quantify specific chemical species in single particles based on their 
respective mass spectral ion intensities (Fergenson et al., 2001; Ferge et al., 2006; Spencer 
& Prather, 2006; Zelenyuk et al., 2008; Pratt et al., 2009c; Froyd et al., 2010; Jeong et al., 
2011). However mass spectral peak intensities are qualitative and not directly 
proportional to the mass of the species, as they are also dependent on particle matrix, 
coupling between laser and particle and laser power variability (Smith et al., 2012). 
Quantitative determination of refractory and non-refractory chemical components of 
single particles therefore remains challenging. 
In principle, quantitative number concentrations for individual ATOFMS particle classes 
can be determined by multiplying the fraction of total particles belonging to a given class 
by the total number concentration derived from a particle sizing instrument such as 
SMPS, OPS/OPC or APS for a selected size bin, for each hour of a measurement period. 
This assumes all particles were ionised with the same efficiency, which is known not to 
be the case, for the reasons discussed above.   
The SMPS determines the number size distribution in the size range 20-500 nm (electrical 
mobility diameter, Dm) and the OPS/OPC in the range 0.3-10 μm (optical diameter, Do), 
while the ATOFMS measures particles with vacuum aerodynamic diameter (Dva) in the 
range 0.1–3 μm. Reconciling SMPS, OPS and ATOFMS data requires conversion of Dm 
and Do measured with the SMPS and OPS/OPC into the corresponding ATOFMS Dva. 
No correction factors were used to merge the SMPS and OPS/OPC data; Dm and Do were 
assumed equivalent to geometric diameter. For spherical particles (most but not all 
submicron atmospheric particles are spherical), the electrical mobility diameter equals the 
geometric size (McMurry, 2000). However the calibration particles used for the 
OPS/OPC affects the ambient aerosol measurements; optical diameters are almost 
equivalent to geometric diameters if calibration particles were composed of oleic acid or 
dicotyl sebacate, but errors of 30-40% in scattered light signals have been found if PSLs 
were used (ambient particles which mostly contain water, inorganic salts and organics 
have a refractive index more similar to that of oleic acid than to PSLs) (Hering & 
McMurry, 1991; Stolzenburg et al., 1998).  
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The conversion involves first assuming that the particle is spherical and that no internal 
voids exist, and thus Dm and Do equal the volume equivalent diameter, Dve. The 
assumption of a unity shape factor (spherical geometry) does not take into account non-
spherical particles such as fractal soot, which are more susceptible to divergence from the 
particle beam due to perpendicular drag forces, and thus may be detected less efficiently 
than spherical particle classes (Moffet & Prather, 2009). This could therefore lead to an 
over-prediction of the mass concentrations for combustion particle classes (Reinard et al., 
2007).  
Since Dve (from Dm and Do) is known, it can be converted to Dva by accounting for the 
density and shape factors: 
𝑑𝑣𝑎 =
𝜌𝑝
𝜌0
𝑑𝑣𝑒
𝜒
 
where ρp is the particle density, ρ0 is standard density (1 g cm−3) and χ is the dynamic 
shape factor (assumed to be 1, for spheres). This is a highly simplified version of particle 
diameter, morphology and density relationships that are covered in much greater detail 
elsewhere (DeCarlo et al., 2004). Knowledge of the particle density is required for this 
conversion, and this can be estimated from mass concentration measurements made by 
an aerosol mass spectrometer (AMS) and aethalometer.  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑚𝐵𝐶 + 𝑚𝑂𝑟𝑔 + 𝑚𝐶𝑙 + 𝑚𝑆𝑂4 + 𝑚𝑁𝑂3 + 𝑚𝑁𝐻4
𝑚𝐵𝐶
1.5
+
𝑚𝑂𝑟𝑔
1.2
+
𝑚𝐶𝑙
1.52
+
𝑚𝑆𝑂4+𝑚𝑁𝑂3+𝑚𝑁𝐻4
1.75
 
Where m is the average mass of BC from the aethalometer and the remaining species 
from the AMS. 1.5, 1.2, 1.52 and 1.75 (Allan et al., 2003) are material densities for BC, 
Organic Aerosol (Org), Cl and SO4, NO3 and NH4 respectively.  
Average estimated densities of 1.51 g/cm3 and 1.4 g/cm3 were observed for the NANO-
INDUS and ADRIMED/SAF-MED campaigns respectively. From the density calculation 
it is clear that neither metal-rich nor sea salt particles (the AMS does not ionise sea salt 
so the Cl is nss-Cl) are taken into account. From the NANO-INDUS ATOFMS and ICP-
MS measurements it was clear that metal-rich particles constituted a significant fraction 
of the aerosol, while the same was true for sea salt during ADRIMED/SAF-MED, as 
indicated by PILS measurements.  The average density was therefore expected to be 
larger, thus a density of 1.7 (Reinard et al., 2007) was chosen to convert the diameters.  
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Mass concentrations can be obtained from the scaled number concentrations by (Reinard 
et al., 2007): 
𝑚 =
𝜋
6
𝜌𝑝𝑑𝑣𝑒
3  
The use of a single density for ATOFMS scaling has previously resulted in satisfactory 
PM mass reconstruction when compared to MOUDI and beta attenuation monitor data 
(Qin et al., 2006). The scaling factors were similar to those expected based on the shape 
of the particle transmission efficiency curve for the AFL-100 aerodynamic lens (Wang & 
McMurry, 2006; Jeong et al., 2011; Healy et al., 2012b). However, a single density 
assumption is known to be incorrect due to differing particle compositions, and fresh soot 
particles can exhibit several size-dependent effective densities (Maricq & Xu, 2004; 
Spencer & Prather, 2006). A precise transformation of number to mass concentration 
requires knowledge of χ and ρp for each class. As discussed above, χ is assumed to be 1. 
Different particle classes will exhibit different particle densities, particularly in the 
Dunkirk environment (NANO-INDUS), where the aerosol sources are numerous and 
diverse. A range of densities was therefore used to calculate mass concentrations for each 
particle class during NANO-INDUS and ADRIMED/SAF-MED and can be found in 
Table 2.2 and Table 2.3. The densities were estimated from the bulk densities of the 
chemical components indicated in the mass spectra as described by (Bein et al., 2006; 
Reinard et al., 2007) and from transmission electron microscopy coupled with an energy-
dispersive X-ray detection (TEM-EDX) of single particles in the vicinity of a steelworks 
(Ebert et al., 2012). 
Since both the assumed density and shape factor are subject to uncertainty, the ATOFMS 
number and mass concentration should also be considered to have a degree of uncertainty. 
Accurate and precise values for shape factor and density can be obtained only when single 
particle data are reconciled with size-resolved mass concentration data from a micro-
orifice uniform deposit impactor (MOUDI) (Bein et al., 2006; Qin et al., 2006; Rehbein 
et al., 2011). Recently the refractive index and effective density of single particles was 
measured by a SPAMS fitted with a light scattering module, as well as effective density 
as a function of particle size by coupling a DMA to the SPAMS (Zhang et al., 2015).  
Reconstructed ATOFMS mass concentrations were compared with other quantitative 
measurements such as mass concentrations of PM2.5 (beta gauge), BC (MAAP, 
aethalometer), organics (AMS, ACSM), etc. Pearson’s correlation coefficient, as R2, was 
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used to evaluate the effectiveness of the ATOFMS mass reconstruction. This coefficient 
evaluates the relationship between two variables, considered linear when a change in one 
variable is associated with a proportional change in the other variable. This analysis was 
considered appropriate as the objective of ATOFMS mass reconstruction was to produce 
mass concentrations as similar as possible to other mass measurement techniques. R2 
values of 1 were unlikely due to the assumptions made during the mass reconstruction 
process, and are generally uncommon in comparisons of ambient aerosol measurements 
due to the complexity and highly variable nature of ambient aerosol. R2 values of <0.5, 
~0.5-0.7 and >0.7 are typically considered indicative of weak, moderate and strong linear 
(positive or negative) relationships respectively.     
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NANO-INDUS 
Size distributions from an SMPS provided by UCC and an optical particle counter (OPC) 
provided by LPCA were used to scale the ATOFMS counts at a temporal resolution of 1 
h. The ATOFMS counts represent particles that were both sized and successfully ionised 
to produce mass spectra. 3 SMPS size bins were used for the scaling procedure, created 
by merging bins in the ranges (Dm) 100-200 nm, 200-300 nm and 300-400 nm. 6 OPC 
size bins were used in the ranges (Do) 400-500 nm, 500-650 nm, 650-800 nm, 800-1000 
nm and 1000-1600 nm. Using a density of 1.7 the size range of the ATOFMS particles 
that could be scaled was 170–2720 nm, Dva.  
Table 2.2. Densities assumed for each NANO-INDUS particle class for mass 
concentration reconstruction. 
Particle Class Assumed Density (g/cm3) Reference 
Sea salt 2.2 Bein et al., 2006, Reinard et al., 2007 
Na-K 2.2 Bein et al., 2006, Reinard et al., 2007 
Na-Mg 2.2 Bein et al., 2006, Reinard et al., 2007 
Na-EC 2.2 Bein et al., 2006, Reinard et al., 2007 
K 1.8 Bein et al., 2006, Reinard et al., 2007 
K-Cl 2.2 Bein et al., 2006, Reinard et al., 2007 
K-Aluminosilicate 2.6 Bein et al., 2006, Reinard et al., 2007 
K-Al 2.6 Bein et al., 2006, Reinard et al., 2007 
EC 1.5 Calculated (from average density) 
EC-NO 1.5 Calculated (from average density) 
EC-K 1.5 Calculated (from average density) 
EC-K-NO 1.5 Calculated (from average density) 
OC 1.8 Bein et al., 2006, Reinard et al., 2007 
OC-PAH 1.8 Bein et al., 2006, Reinard et al., 2007 
PAH 1.8 Bein et al., 2006, Reinard et al., 2007 
Fe 3.6 Bein et al., 2006, Reinard et al., 2007 
K-Fe 3.6 Bein et al., 2006, Reinard et al., 2007 
Fe-Ca 3.5 Bein et al., 2006, Reinard et al., 2007 
Fe-EC 3.6 Bein et al., 2006, Reinard et al., 2007 
Ca 2.6 Ebert et al., 2012 
Ca-K 2.6 Ebert et al., 2012 
EC-Ca 1.5 Calculated (from average density) 
V-Fe 3.1 Bein et al., 2006, Reinard et al., 2007 
Na-V 3.1 Bein et al., 2006, Reinard et al., 2007 
Mn 4 Ebert et al., 2012 
K-Mn 4 Ebert et al., 2012 
Al-Mn 4 Ebert et al., 2012 
Mn-Fe 4 Ebert et al., 2012 
Pb 4.3 Bein et al., 2006, Reinard et al., 2007 
Li-Zn 3.8 Bein et al., 2006, Reinard et al., 2007 
K-Amines 1.5 Bein et al., 2006, Reinard et al., 2007 
EC-Amines 1.5 Bein et al., 2006, Reinard et al., 2007 
Sulfur 1.7 Bein et al., 2006, Reinard et al., 2007 
Poor positive spectra 1.5 Calculated (from average density) 
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ADRIMED/SAF-MED 
Size distributions from a SMPS and OPS provided by CNRM-GAME were used to scale 
the ATOFMS counts at a temporal resolution of 1 h. One SMPS size bin was used for the 
scaling procedure, created by merging bins in the range (Dm) 172-300 nm. Two OPS size 
bins were used in the ranges (Do) 300-579 nm and 579-1732 nm. OPS bins were merged 
because too many bins resulted in low ATOFMS particle numbers per bin and therefore 
large scaling factors. The ATOFMS effective lower size limit was 300 nm during 
ADRIMED and 500 nm during SAF-MED; using a density of 1.7, the size range of the 
ATOFMS particles that could be scaled was 292-3000 nm, Dva.  
Table 2.3. Densities assumed for each ADRIMED/SAF-MED particle class for 
mass concentration reconstruction. 
Particle Class Assumed density (g/cm3) Reference 
EC-SOX 1.4 Calculated (from average density) 
EC-Oxalate 1.4 Calculated (from average density) 
EC-K 1.4 Calculated (from average density) 
EC-K-SOx 1.4 Calculated (from average density) 
EC-K-Oxalate 1.4 Calculated (from average density) 
K-EC-SOX 1.4 Calculated (from average density) 
K-EC-NOX 1.4 Calculated (from average density) 
K-EC-Oxalate 1.4 Calculated (from average density) 
K-CN 1.8 Bein et al., 2006, Reinard et al., 2007 
K-NOX 1.8 Bein et al., 2006, Reinard et al., 2007 
K-SOX 1.8 Bein et al., 2006, Reinard et al., 2007 
K-SOX-Oxalate 1.8 Bein et al., 2006, Reinard et al., 2007 
OC 1.8 Bein et al., 2006, Reinard et al., 2007 
OC-NOX 1.8 Bein et al., 2006, Reinard et al., 2007 
OC-SOX 1.8 Bein et al., 2006, Reinard et al., 2007 
K-TMA 1.5 Bein et al., 2006, Reinard et al., 2007 
EC-TMA 1.5 Bein et al., 2006, Reinard et al., 2007 
OC-TMA 1.5 Bein et al., 2006, Reinard et al., 2007 
Sea salt-fresh 2.2 Bein et al., 2006, Reinard et al., 2007 
Sea salt-aged 2.2 Bein et al., 2006, Reinard et al., 2007 
Na-EC 2.2 Bein et al., 2006, Reinard et al., 2007 
V 3.1 Bein et al., 2006, Reinard et al., 2007 
EC-V 3.1 Bein et al., 2006, Reinard et al., 2007 
K-Silicate 2 Bein et al., 2006, Reinard et al., 2007 
K-Na 2 Bein et al., 2006, Reinard et al., 2007 
Fe 3.6 Bein et al., 2006, Reinard et al., 2007 
Ca 2.6 Ebert et al., 2012 
 NEGATIVE ION SENSITIVITY 
For both the NANO-INDUS and ADRIMED/SAF-MED sampling campaigns, the 
ATOFMS negative ion detector was not functioning optimally. Many particles did not 
produce negative mass spectra and a number of those that were generated were of low 
intensity. Secondary species such as nitrate and sulfate are detected as anions, so 
information for atmospheric ageing of particles was limited. Aluminosilicate ions also 
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occur in negative spectra, and would have been useful for distinguishing potassium-rich 
mineral dust from biomass burning, particularly during ADRIMED/SAF-MED. The issue 
was most pronounced during NANO-INDUS, after which the mass spectrometer voltages 
were adjusted in the laboratory to recover some functionality. This voltage scheme and 
the resulting quality of mass spectra was stable for the analysis of industrial filters and 
ores (for NANO-INDUS) and the ADRIMED/SAF-MED campaigns. As a result, some 
difference in mass spectra between the ambient NANO-INDUS particles and the 
industrial filters and ores is possible. 
Water has been shown to remain on particles which can suppress negative ion formation 
(Neubauer et al., 1997, 1998); in a port of Los Angeles study Ault et al. (2009) found 
between 30-80% of particles did not produce negative ion mass spectra. While this could 
have contributed to poor negative ion detection during the campaigns, recent service and 
repair with Livermore Instruments Inc. confirmed the negative ion detector was the main 
problem.  
 HYSPLIT BACK TRAJECTORIES 
Back trajectory analysis was performed using the HYSPLIT model (Revision 631, July 
2014) (Draxler & Hess, 1998) to identify air masses influencing the sampling site. The 
HYSPLIT model was run using the PC Windows-based software available online 
(http://www.ready.noaa.gov/HYSPLIT.php) and meteorological input from the Global 
Data Assimilation System (GDAS) archive. 120-hour back trajectories ending 500 m 
above ground level (AGL) at Grande-Synthe (Dunkirk) and Ersa (Corsica) were 
calculated for each hour between 15th May and 12th June 2012 (total: 691 trajectories) and 
12th June and 6th August 2013 (total: 1344 trajectories). A cluster analysis was performed 
to categorise the trajectories, with those for ADRIMED/SAF-MED clustered for each 
period of the campaigns. Plots of total spatial variance as a function of the number of 
clusters was used to determine the number of clusters. These and plots of the individual 
trajectories for each cluster can be found in the Appendix I (Figure 8.7 and Figure 8.8) 
and Appendix II (Figure 9.3-Figure 9.13). 
 
  
46 
 
3. CHARACTERISATION OF AIRBORNE SINGLE 
PARTICLES DURING NANO-INDUS 
CONTENTS 
 Introduction ...................................................................................................... 47 
3.1.1 Particles from industrial activities ............................................................. 47 
3.1.2 Dunkirk ..................................................................................................... 57 
3.1.3 Aims .......................................................................................................... 62 
 Methodology .................................................................................................... 64 
3.2.1 Sampling Site ............................................................................................ 64 
3.2.2 Instrumentation ......................................................................................... 67 
 Results and Discussion ..................................................................................... 70 
3.3.1 Meteorology .............................................................................................. 70 
3.3.2 Particle Number and Mass Concentration................................................. 72 
3.3.3 Particle Classes.......................................................................................... 74 
3.3.4 Particle Sources ......................................................................................... 91 
 
  
47 
 
 INTRODUCTION 
3.1.1 PARTICLES FROM INDUSTRIAL ACTIVITIES 
Annual assessments of Europe's air quality have regularly concluded that, despite a 
number of past successes in reducing anthropogenic emissions, air quality still needs to 
improve in order to reduce harm to human health and the environment. In 2012 air 
pollution and greenhouse gases specifically from European industrial activities were 
estimated to cost Europe between €59 and €189 billion in the form of harmful impacts 
such as premature death, hospital costs, lost work days, health problems, damage to 
buildings and reduced agricultural yields (European Environment Agency, 2014). Over 
the period 2008-2012 the cost was at least €329 billion, more than Ireland’s GDP in 2014 
(~€230 billion). The majority of the quantified damage costs are caused by emissions of 
PM10, ammonia (NH3), nitrogen oxides (NOX), sulphur oxides (SOX), non-methane 
volatile organic compounds (NMVOCs) and CO2, registered by facilities to the European 
Pollutant Release and Transfer Register (E-PRTR). While damage cost estimates 
associated with heavy metal and organic pollutant emissions are significantly lower, they 
still contribute hundreds of millions of euros worth of harm to human health and the 
environment, and at the local scale can cause significant adverse impacts. Recent studies 
(Vecchi et al., 2008; Hieu and Lee, 2010; Mbengue et al., 2014) have demonstrated that 
the current European daily mean limit of 25 µg/m3 for PM2.5 (WHO recommendations: 
10 µg/m3) is regularly exceeded in urban environments influenced by nearby industrial 
activities.  
The European Environment Agency (EEA) report highlights that only those industrial 
facilities with an activity rate exceeding a defined threshold and emissions exceeding the 
pollutant-specific thresholds are required to report information to the E-PRTR register. 
As a result, the coverage of the E-PRTR varies significantly across the different pollutants 
and sectors, and many sources of industrial air pollution, particularly local ones, may be 
unaccounted for.  
These costs due to industrial air pollution are incurred in parts of the world where 
stringent regulations on emissions are in place and where industrial activities represent 
only a minor contribution to the global burden of atmospheric particulate matter. In 
Europe, for instance, estimations based on 25 countries for the year 2000 showed that 
around 1.3 × 109 kg/y of PM2.5 contributed to about 40% of the PM10 emissions, with two 
industrial sectors (manufacturing industry and industrial processes/solvent use) 
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accounting for 15.6% of PM2.5 (Pulles et al., 2007). However the costs are certainly much 
higher in rapidly developing countries like China. The use of less clean energies, 
combined with a lack of enforcement of the emerging regulations, can lead to higher 
emissions, estimated to be as high as 1.3 × 1010 kg in 2007 for PM2.5, with industry 
contributing ∼70% of the total (Cao et al., 2011). Major sources of primary industrial 
PM2.5 have been identified as coal combustion, metal processing and refining, iron and 
steel manufacturing, waste and sludge incineration, and cement/lime production 
(Morishita et al., 2011a, 2011b). Fugitive emissions also arise from the suspension of raw 
materials from stockpiles and materials handling operations, which depend on both wind 
speed and atmospheric turbulence (Chalvatzaki et al., 2012) and thus poorly controlled. 
The interest in industrial emissions lies in the fact that point sources can lead to greater 
human exposure to toxic air pollutants. Many studies suggested that particle 
concentration, size and composition may play important roles in adverse health effects 
(Donaldson et al., 1997; Pope III & Dockery, 2006). Properties like elemental 
composition and chemical speciation of PM are relevant to evaluate the toxicity of inhaled 
particles on lung cells and tissue (Voutsa & Samara, 2002; Majestic et al., 2007). 
Particulate matter may be the carrier of acidic or toxic species, such as heavy metals or 
polycyclic aromatic compounds, which are the main reason behind particle toxicity 
(Harrison & Yin, 2000). Studies performed in urban environments have shown that fine 
and ultrafine particles have a higher biological effect than their coarse counterparts in 
relation to their organic components (Ramgolam et al., 2008, 2009). For instance, the fine 
aerosol fraction contains high concentrations of mutagens (Ando et al., 1991, 1996) with 
79–95% of PAHs concentrated in PM2.5 (Sun et al., 1994). PAH toxicity is highly 
variable, the most important property related to human health being their carcinogenicity. 
Trace elements such as As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, V, Zn, mainly from 
anthropogenic origins and potentially toxic or human carcinogens (Cr, As, Cd and Ni), 
are also often present in atmospheric particles (Davidson and Osborn, 1986; Nriagu and 
Pacyna, 1988; Hughes et al., 1998; Butler et al., 2008; Duan and Tan, 2013; Kolker et al., 
2013). Some of them have been studied for their direct links to lung inflammation and 
damage (Claiborn et al., 2002; Osornio-Vargas, Bonner et al., 2003), and it has been 
found that the metal-soluble species in particles play an important role in lung injuries 
(Adamson et al., 2000; Kodavanti et al., 1998). Metals can generate reactive oxygen 
species (ROS), inducing a cellular pro-inflammatory response (Schaumann et al., 2004; 
Majestic et al., 2007) and are therefore considered to play a central role in the 
development of airway diseases like chronic obstructive pulmonary disease and asthma. 
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For example, oxidized forms of manganese (as Mn3+) are involved in the formation of 
ROS and may compromise biological functions (Carter et al., 1997; Donaldson et al., 
1997; Ghio et al., 1999; Lingard et al., 2005), such as the nervous system, in the form of 
manganism (Majestic et al., 2007). It is thus clearly essential to precisely characterise the 
physico-chemical composition of fine and ultrafine PM, not only to identify their origins 
and comprehend their fate in the atmosphere, but also in terms of health impact  
(Davidson et al., 2005).  
Number Concentration and Size Distribution 
Number concentration and size distributions of fine particles are very important for 
understanding particle generation mechanisms during industrial processes and enabling 
development of process and flue gas cleaning measures to reduce particle emissions 
(Chang et al., 2000; Maguhn et al., 2003). Number concentration depends on both the 
industrial activity and the material being processed. The type of filtration system 
(electrostatic precipitators, multi-cyclones, filters, etc.) has a great impact on both particle 
concentration and size distribution. Fine particles emitted by “high temperature” 
processes generally display a higher concentration than those emitted by colder processes. 
As an example, welding and smelting activities are responsible for higher particle 
concentrations (≈ 106 cm-3) (Zimmer & Biswas, 2001; Zimmer, 2002; Evans et al., 2008) 
than grinding or concreting activities (≈ 104–105 cm-3) (Thomassen et al., 2006; Evans et 
al., 2008). As emphasized in several studies, the industrial aerosol size distribution 
presents two major modes (Kauppinen & Pakkanen, 1990; Ohlström et al., 2000): a 
nucleation mode (below 10 nm) and an accumulation mode (between 100 and 1000 nm). 
Particles belonging to the accumulation mode can either be primary particles, or arise 
from the coagulation of smaller particles or from the condensation of semi-volatile 
compounds onto the surface of small particles. Particles belonging to the nucleation mode 
can be either directly emitted in the troposphere by high temperature processes or result 
from gas/particle conversion – primary and secondary particles, respectively (Brock et 
al., 2002; Maguhn et al., 2003; Buseck & Adachi, 2008). These particles can grow rapidly 
by coagulation and/or by gas condensation (Zimmer, 2002; Maguhn et al., 2003). 
Air parcels that pass by industrial areas can pick up the particulate emissions from 
chimneys and stacks (Prati et al., 2000; Martley et al., 2004). However industrial plumes, 
particularly near the stack, tend to have a distinct signature compared to ambient air. 
Particle concentrations are maximized close to the source and gradually decrease as the 
plume disperses (Brock et al., 2003; Strawbridge, 2006). Coarse particles (Da > 2.5 µm) 
50 
 
exhibit a stronger deposition rate than finer particles and will be deposited closer to plants, 
whereas finer particles have a longer lifetime in the atmosphere and will be transported 
over longer distances. One study showed that fine particles from a copper smelter were 
transported over more than 100 km (Daggupaty et al., 2006). Once emitted in the 
troposphere, the number size distribution of industrial particles will evolve very quickly 
inside the plume and be influenced by atmospheric dynamics (wind speeds, boundary 
layer height), concentrations of precursor gases (SO2 and NOX) and pre-existing particles 
(Brock et al., 2003; Marris et al., 2012; Stevens et al., 2012).  
Chemical composition  
Heavy Metals 
In contrast with many organic compounds, most trace elements are only slightly 
influenced by atmospheric processes during their transport in the atmosphere and can 
therefore be considered conservative tracers (Morawska & Zhang, 2002; Wu et al., 2007; 
Dongarrà et al., 2009; Alleman et al., 2010; Lim et al., 2010; Zhang et al., 2011c) of urban 
and industrial sources. Among them, transition metals are largely emitted through 
anthropogenic activities (Figure 3.1), such as combustion processes in power plants and 
industrial facilities e.g., chemistry, petro-chemistry, metallurgy, cement production, 
waste incinerators, or vehicle emissions (Morawska & Zhang, 2002; Jang et al., 2007; 
Gugamsetty, 2012; Sánchez-Soberón et al., 2015).  
 
Figure 3.1. Main anthropogenic sources of metals in atmospheric particles (Riffault et al., 2015). 
Generally, elements such as As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, V, and Zn, derive primarily 
from high temperature anthropogenic activities including car exhaust (Cu and Zn being 
also emitted from brake and tyre wear), fuel combustion, steel smelting, welding, and oil 
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refining and tend to accumulate in the fine fraction (Fernández Espinosa et al., 2001; 
Manoli et al., 2002; Utsunomiya et al., 2004; Weitkamp et al., 2005; Hieu & Lee, 2010; 
Saffari et al., 2013). Other elements like Al, Ca, Fe, K, Mn, Mg, Si, and Ti, are mostly 
from crustal sources and industry, e.g., ceramic and glass manufacturing (Prati et al., 
2000; Querol et al., 2001; Sternbeck et al., 2002; Sánchez de la Campa et al., 2010), and 
generally appear more concentrated in the supermicron size range (Fernández Espinosa 
et al., 2001; Birmili et al., 2006).  
A number of studies have shown that the amount of toxic particulate metals is generally 
higher and more variable at locations directly influenced by industrial activities than at 
rural or urban sites (Osornio-Vargas et al., 2003; Schaumann et al., 2004; Lim et al., 2010; 
Mohiuddin et al., 2014). For example, PM2.5 particles in an industrial zone (foundry) were 
found to be enriched in transition metals, notably Zn and Cu, compared to a rural sector 
(Schaumann et al., 2004), while La and to a lesser extent light rare earth elements (Ce, 
Pr, Nd, and Sm) were associated with a catalyst cracking process, and V and Ni attributed 
to oil combustion (Kulkarni et al., 2006). Chemical profiles have been reported for 
specific industrial emissions, sometimes based on long-term measurements. Elevated 
PM2.5 concentrations were measured for Zn (38 ng/m
3), Cu (31 ng/m3), Pb (16 ng/m3), 
and As (5 ng/m3) in the close environment (<4 km) of one of the largest Cu-smelters in 
the world (Sánchez de la Campa et al., 2011). The same authors (Sánchez de la Campa et 
al., 2010) have reported high concentrations in PM2.5 for V (65 ng/m
3), Ti (30 ng/m3), Cu 
(28 ng/m3), Zn (28 ng/m3), and Pb (22 ng/m3) near ceramic factories in southern Spain. 
In Italy, downwind of a waste-to-energy plant, Mn and Zn concentrations greater than 60 
ng/m3 were determined in fine particles (Buonanno et al., 2010). In Australia, Fe and Zn 
were found to be leading metal contributors (up to 12% and 2%, respectively) to PM2.5 
and PM1 mass fractions near iron and steel-making industries (Mohiuddin et al., 2014). 
For the same industrial sector, PM2.5 released during the casting process of a steel mill 
contained a large proportion of metals (8–20% for the major elements Al, Ca, Fe, and Si; 
and 3–6% for the trace elements Cu, Mn, Pb, Ti, and Zn) (Chang et al., 2005).  
However, the information provided by some of these studies is often limited by the 
relatively long sampling times (often 24 hr or more) which do not facilitate reliable 
monitoring of the high temporal variability of anthropogenic emissions and wind 
direction changes (Morishita et al., 2011a). A suitable method of following the high 
temporal variation of fine particle emission sources is to track industrial plume deposition 
areas. This strategy was implemented during intensive field campaigns to identify the 
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deposition areas in the industrial city of Huelva, Spain (Alastuey et al., 2006): for the fine 
fraction (PM2.5), huge concentrations of Pb (466 ng/m
3), Zn (957 ng/m3), and Cu (1461 
ng/m3) were reported downwind of a phosphate derivatives production plant; the µg/m3 
threshold was even exceeded for Pb (2.0), Cu (2.9), and Zn (4.9) in a Cu-metallurgy 
plume deposition area, and for Ti (1.2) close a TiO2 production plant. 
Inorganic Species 
The role of sulfur and nitrogen containing species in the formation and growth of 
secondary particles is now well characterized and through aerosol nucleation (Kulmala & 
Kerminen, 2008) anthropogenic SO2-containing plumes (especially from coal-fired 
power plants) can result in new particle formation in the 10–100 nm range (Stevens et al., 
2012). However, inside industrial plumes the formation rate of new particles by 
nucleation is reduced, due to gaseous SO2 and H2SO4 condensation onto pre-existing 
particles (Stevens et al., 2012).  
Using the SEM-EDX technique coal-fired power plant emissions were shown to contain 
aluminosilicate spherules with a surface enrichment in Ba, Ca, and Fe (Goodarzi, 2006). 
Coal combustion is also a source of submicron spherical carbonaceous particles, the 
inorganic fraction of which was dominated by Al, Si, Fe, Ca, Na, and K) (Chen et al., 
2004b). A TEM study showed that when worn tyres were fired in addition to coal, 
particles containing metals such as Pb, Zn, Fe, and K, in the form of sulfates, were 
detected in the PM2.5 fraction (Gieré et al., 2006). This fraction has been also studied by 
TEM combined with electron energy loss spectroscopy (EELS) for residual oil fly ashes 
(Chen et al., 2004a). In addition to pure carbonaceous particles, the authors observed the 
presence of metal-coated carbon-rich particles in the form of sulfates, oxides, vanadates, 
and phosphates. Speciation of metallic and non-metallic elements can thus represent a 
useful tool to trace industrial emissions. 
Carbonaceous Species 
The carbonaceous fraction of particles emitted during industrial activities has been 
determined by many studies (Vega et al., 2004; Bencs et al., 2010; El Haddad et al., 2011; 
Morishita et al., 2011a; Zhang et al., 2011a; Joseph, 2012; Pateraki et al., 2012). These 
analyses mainly focused on two parameters: the measurement of OC and EC and the 
determination of particle-bound PAHs. OC can be emitted by fossil fuel combustion (i.e. 
primary emission) or formed by conversion of gaseous precursors, while the only source 
of EC is fuel combustion. Thus, the OC/EC ratio can be used to assess the contribution 
of primary and secondary organic aerosol to the carbonaceous fraction of aerosols. 
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OC/EC ratios measured at industrial sites are usually between those reported at urban 
sites and those at rural sites. The ratio depends highly on the type of industrial processes 
occurring in the vicinity of the sampling sites and on the sampling process, particle size, 
fuel type, combustion conditions, the reactivity of organic species with other atmospheric 
species (e.g., ozone, nitrogen oxides, hydroxyl radicals) and aging. The OC/EC ratio of 
particles generated from different industrial activities may vary from <0.5 (e.g., catalytic 
cracking, charcoal manufacturing, ferromanganese furnace) up to >20 (e.g., asphalt 
roofing, food and agriculture handling, secondary aluminium production, surface coating) 
(Chow et al., 2011).  
One of the most important classes of organic compounds is PAHs, emitted by combustion 
processes associated with aluminium production, waste incineration, cement 
manufacturing, petrochemical and related industries, tyre manufacturing, and coke 
production as part of steel manufacturing (Yang et al., 2002; Tsai et al., 2007; Ravindra 
et al., 2006; Ciaparra et al., 2009; Baraniecka et al., 2010; Lin et al., 2011; Wei et al., 
2012). Particle PAH content in particular was shown to be highly dependent on the 
combustion processes and fuel types. Industrial emissions of PAHs have also been shown 
to have an impact on air quality in nearby residential areas. For instance, the concentration 
of benzo(a)pyrene close to a medical waste incineration factory was 7 times higher than 
at a reference sampling site where no major sources of particles and PAHs were identified 
(Mao et al., 2007).  
Single Particle Measurements 
Valuable information on the size-resolved mixing state of various metal-containing 
particles emitted by industrial activities has been obtained using single particle mass 
spectrometry. A summary of previous studies that utilised this technique to characterise 
PM2.5 in the vicinity of industrial activities is given in   
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Table 3.1.  
The most detailed study in this area (Dall’Osto et al., 2008) involved investigation of the 
particulate emissions from an integrated iron and steelmaking site in Port Talbot (Wales, 
UK). Six different metal-rich particle types were identified and attributed to iron-making, 
steel/coke-making, and rolling mill processes occurring within the facility. Metals 
dominating the spectra included Fe, Pb, Zn, Ni, and K. All six types displayed unimodal 
size distributions, but peaked at different sizes in the range 300–600 nm.  
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Table 3.1. Metal-containing single particle types observed in the vicinity of industrial activities. 
Metal Associated species Industrial activity City (Country) Reference 
Cr Mo, MoO, W Steel-making 
Pittsburgh, PA 
(USA) 
(Pekney et al., 2006) 
Cr Pb Welding/construction Athens (Greece) (Dall’Osto & Harrison, 2006) 
Fe Pb Steel-making Shanghai (China) (Zhang et al., 2009b) 
Fe __ Steel-making 
Pittsburgh, PA 
(USA) 
(Pekney et al., 2006) 
Fe K, Na, P, NO3- Iron and steel-making Port Talbot (UK) (Dall’Osto et al., 2008) 
Fe Co, Cr 
Steel-making/vehicular 
brake wear 
Okinawa Island 
(Japan) 
(Furutani et al., 2011) 
Fe 
V, VO, Zn, ZnO, Pb, 
PO43- 
Steel-making/streetcar 
tracks 
Toronto (Canada) (Corbin et al.,  2012) 
Fe Ag, Ba, Ca, Al, V 
Smelters and metal 
production 
Abisko-Stordalen 
(Sweden) 
(Herich et al., 2009) 
Fe La, Ce 
Coal-fired power 
generation 
Wilmington, DE 
(USA) 
(Reinard et al., 2007) 
Fe __ Welding/construction Athens (Greece) (Dall’Osto & Harrison, 2006) 
K Fe, Na, Li Steel-making 
Pittsburgh, PA 
(USA) 
(Pekney et al., 2006) 
K Cl-, EC 
Steel/coke-making 
processes 
Port Talbot (UK) (Dall’Osto et al., 2008) 
K 
Al, Na, Li, Fe, OC, 
silicates, PO43- 
Coal combustion 
Okinawa Island 
(Japan) 
(Furutani et al., 2011) 
K 
Na, Cu, EC, OC, 
NO3-, SO42- 
Coal combustion Shanghai (China) (Zhang et al., 2009b) 
K 
Na, Si, Ca, Fe, Ga, 
Pb 
Coal combustion 
Pittsburgh, PA 
(USA) 
(Pekney et al., 2006) 
Ni NO3- Iron and steel-making Port Talbot (UK) (Dall’Osto et al., 2008) 
Pb 
K, Na, Zn, Fe, EC, 
OC 
Steel-making 
Wilmington, DE 
(USA) 
(Reinard et al., 2007) 
Pb K, Cl-, NO3- Iron and steel-making Port Talbot (UK) (Dall’Osto et al., 2008) 
Pb 
K, Na, EC, OC, 
possibly amines 
Steel-making/power 
generation/refining 
Wilmington, DE 
(USA) 
(Reinard et al., 2007) 
Pb SO42- Smelters 
Airborne 
measurements 
over Canada 
(Murphy et al., 2007) 
Pb __ 
Pb and Zn 
smelters/steel-making 
St. Louis, IL (USA) (Snyder et al., 2009) 
The sampling site was ∼2 km from the steelworks and particles were not sampled directly 
from the emission sources (e.g., stacks). However, such measurements were made where 
aerosol was sampled directly from the emission stack of a steel manufacturing and 
processing facility and compared with that sampled about 10 km from the facility 
(Reinard et al., 2007). A mixed-metal particle class observed in the ambient aerosol, 
containing Na, K, Zn, and Pb with smaller signals from Fe, EC, and OC, showed a clear 
wind dependence on the direction of the facility and ∼ 4% of the stack particles produced 
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similar spectra. The other 96% of detected particles from the stack comprised an organic 
particle class, which was not observed in the ambient dataset. The authors suggested these 
particles were most likely composed of semi-volatile compounds that transferred to the 
particle phase upon sampling from the stack and cooling to ambient temperature; 
however, when emitted from the stack and diluted into ambient air, the semi-volatile 
components most likely evaporated and the particle class thus disappeared as the air mass 
was transported to the measurement site 10 km away. Also of note was the lack of iron 
signal in the particles emitted at the stack. It was suggested that, at the steel processing 
temperature, metals with lower vapour pressures, such as Zn and Pb, would be distributed 
more evenly on fine particles in the exhaust stream, while refractory metals such as Fe 
would segregate in coarse particles (Reinard et al., 2007).  
Most single particle instruments that have detected industrially generated particles were 
in fact not located in close proximity to the activity. The instruments were deployed in a 
variety of locations, typically urban, and industrial particles were identified based on 
directional analysis, mass spectral markers, particle temporality, and size distributions. 
As such, source apportionment is generally tentative and formation and aging processes 
are infrequently addressed. Some studies do discuss these aspects: for instance, biomass 
burning plumes were followed on an aircraft and particles acquiring Pb (likely from 
smelters) as the plume traversed Canada were observed (Murphy et al., 2007); Zhang and 
co-workers (2009b) noted a sea salt particle type which appeared to have coagulated with 
Pb-rich particles emitted from industrial emissions. 
The role of single particle mass spectrometry in source apportionment is due to its ability 
to provide internal mixing states for individual particles. For example, while particles 
containing Fe can originate from metallurgical facilities, they can also derive from crustal 
matter. Size is certainly a deciding factor, but so too are the associated elements; Fe is not 
a major component of crustal matter and is usually associated with other crustal elements 
such as Si and Al (Furutani et al., 2011),while Fe-containing particles of industrial origin 
are often dominated by Fe and are accompanied by metals such as Cr, Mn, Pb, and Cu. 
Waste incineration particles are distinctive for their combination of Pb, Zn, and Cl, while 
coal combustion is distinguishable from biomass burning by the frequent association of 
K with Li, as biomass burning aerosols produce a negligible Li ion peak (Guazzotti et al., 
2003; Spencer et al., 2008); Ce is a recognized tracer for coal combustion (Laden et al., 
2000; Pekney et al., 2006) but also Hg, As, and Se, as well as Na and K in particles below 
500 nm (Linak et al., 2007). Moreover, elevated La/Ce ratios can be typical of the 
57 
 
dominant contribution of petrol refinery emissions to PM chemical composition (Moreno 
et al., 2010). In the same source apportionment study, these authors reported, in some 
specific situations, high V/Ni ratios (>4) typical of fuel-oil combustion sources. 
Inorganic particles detected by the nano-aerosol mass spectrometer (NAMS) in 
Wilmington, DE, United States, contained substantial amounts of silicon, and were 
attributed to stack emissions from industrial facilities that utilize zeolite catalysts (Klems 
et al., 2012). The ATOFMS study performed at the Port Talbot steelworks also detailed 
the non-metallic particles associated with the works’ activities (Dall’Osto et al., 2012). 
Sulfur was the only non-metallic particle type characterizing the iron-making sector 
(specifically from slag processing at the blast furnaces). Another particle type containing 
EC, OC, and sulfate was associated with the coke oven combustion processes while the 
mill sector was deemed to be the source of particles rich in aromatic and nitrogen-
containing compounds. The authors suggested these signatures may be due to nitrogen-
containing compounds (such as ammonia) used in treatment of the water widely used in 
the mill processes. Another inorganic particle type containing internally mixed chloride 
was attributed to hydrochloric acid pickling used in the tandem cold mill process. 
The chemical characteristics of the organic fraction depend highly on the industrial 
process. For example results obtained with an ATOFMS situated close to a very large 
steelworks (Dall’Osto et al., 2008) showed that particles emitted by hot and cold mills 
were characterized by a high content of nitrogen-containing organic species and low 
molecular weight PAHs, while organics emitted by coke ovens included PAHs of higher 
molecular weight. Particles emitted by blast furnaces had an enhanced content of sulfur-
containing organics. For the most part, organic species are internally mixed with metals 
and inorganic components such as nitrates and sulfates. Particles originating from 
industrial sources identified primarily by their organic content are usually PAH-
containing. Such particles have been observed during the Port Talbot study (Dall’Osto et 
al., 2012b), where one cluster exhibited strong signals associated with the presence of 
benzopyrene and/or benzofluoranthene, and in re-aerosolized soot particles collected 
directly from a primary combustion chamber of an incineration pilot plant in Germany 
(Zimmermann et al., 2003). The latter were characterized by signals for K, Na, and a PAH 
signature in the m/z range 250–500. 
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3.1.2 DUNKIRK  
Approximately 30% of PM10 emissions in France (CITEPA, 2014) are due to industrial 
activities. Nord–Pas de Calais in north-eastern France is one of the country’s most 
industrialised regions. In 2001 it emitted an estimated 7000 metric tons of atmospheric 
particulate matter (Ledoux et al., 2009). 60% of these emissions originated from the 
highly-industrialised Dunkirk area. Dunkirk (210,000 inhabitants) is the third largest 
French harbour (freight transport: 58 million tons in 2008, (Alleman et al., 2010), 
servicing the busiest shipping lane in the world, the English Channel. The area is 
connected by high traffic density roads, which carry traffic between France, Belgium and 
England (A25: ∼40,000 vehicles/day; A16: ∼30,000 vehicles/day). The city outskirts are 
home to over 200 factories, including chemical and petrochemical plants, cement-
making, fuel and lubricant refineries and one of Europe’s major steelworks (Arcelor-
Mittal), producing more than 6 × 109 kg of steel per year and emitting approx. 3 × 106 kg 
of airborne particulate matter per year (Flament et al., 2008). The numerous industrial 
plants generate polluted plumes which impact areas depending strongly on wind 
characteristics. Predominant wind directions are SW, N and NE. The frequent SW winds, 
which often reach speeds greater than 10 m/s (35 days in 2007, (Roukos et al., 2009)), 
tend to disperse the industrial emissions effectively toward the sea while NE winds have 
an opposite effect, increasing PM10 concentrations over the urban area (Rimetz-Planchon 
et al., 2008). Dunkirk is influenced by land-sea breezes associated with sudden wind 
direction inversions (Rimetz-Planchon et al., 2008), which may favour PM10 pollution 
episodes. Atmospheric sampling sites in the industrial zone, with its proximity to the 
coast, are likely to be located in the marine boundary layer (MBL) and previous work 
there did not seem to be affected by the eventual pollution of the atmospheric boundary 
layer above it (Koponen et al., 2002; Marris et al., 2012). The temperate oceanic climate 
of the region is relatively humid (annual average of 81%, with daily averages ranging 
from 51 to 96%), with a high frequency of rainfall (120 days/year) but a low average 
annual rainfall (676 mm) (Roukos et al., 2009). Monthly mean air temperatures ranging 
from 5 to 16 °C induce a long heating season (October-May), with natural gas dominating 
domestic heating (65% of heating energy). Coal, oil and wood are less common (10%) 
(Mbengue et al., 2014).  
Mean PM10 mass concentrations of 23–30 μg/m3 in Dunkirk have been reported by 
Mbengue et al. (2014) and Rimetz-Planchon et al. (2008). These concentrations agree 
with typical European urban background sites and are lower than the annual limit values 
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specified by the European Community (40 μg/m3) but higher than the World Health 
Organization (WHO) reference value (20 μg/m3). Mbengue et al. (2014) measured PM10, 
PM1 and PM0.29 in industrial and urban-traffic locations in Dunkirk, and found mean mass 
concentrations were slightly lower for the industrial sector (23.6 ± 6.0, 10.1 ± 4.1 and 2.4 
± 1.1 μg/m3, respectively) than for the urban–traffic sector (29.8 ± 4.1, 16.6 ± 3.9 and 5.8 
± 2.1 μg/m3, respectively). However, less rain events during the urban-traffic sampling 
period was thought to have influenced this difference. A difference in mean mass size 
distributions was also observed, with higher mass concentrations for the coarse fraction 
(PM1–10) in the industrial sector and higher values for submicron and ultrafine fractions 
in the urban sector. Higher wind speeds (~ 7 m/s) affected the industrial sector, and may 
have re-suspended soil, and road dust, whereas lower wind speeds in the urban sector 
could have favoured the suspension of submicron particles. Industrial dust, in the form of 
crude ore transport, storage (11.2 million tons in 2011) and resuspension from ore piles, 
as well as mechanical procedures related to the use of these materials in industrial 
processes (excavating, crushing, sintering and separation) likely contributed to the 
enhanced coarse fraction mass concentrations in the industrial sector.  
A number of previous studies of particulate metal content have been performed in the 
Dunkirk area due to the importance of steelworks and metallurgy (Ledoux et al., 2006; 
Flament et al., 2008; Ledoux et al., 2009; Alleman et al., 2010; Marris et al., 2012; Hleis 
et al., 2013; Marris et al., 2013; Mbengue et al., 2014). Several elements or elemental 
ratios have been used as tracers for specific sources within the industrial area, for example 
Mn or Mn/Fe ratio for emissions from the ferromanganese alloy facility (Ledoux et al., 
2006; Ledoux et al., 2009; Marris et al., 2012), Pb and Fe isotopic compositions for 
steelworks emissions (Veron et al., 1999; Flament et al., 2008) and V and Ni 
concentrations for petrochemistry (Alleman et al., 2010). Fe, Ca, Al and Mn have also 
been used as tracers for selected iron and steel processes, such as sintering, blast furnace, 
steelmaking and desulfurization slag processing (Hleis et al., 2013).  
Measurements of metal and inorganic ion mass concentrations in 2001 at an urban 
location in Dunkirk and a rural site 15 km away found mean concentrations were all 
higher at the urban site (Ledoux et al., 2009). Concentrations for Mn (0.07 μg/m3) and Fe 
(0.96 μg/m3) in particular were 3.4 and 3.3 times larger than those at the rural site, 
highlighting the role of the ferromanganese production facility and the steelworks in 
particulate metal emissions in Dunkirk. At the urban site, NO3, SO4, and NH4 were found 
to originate mainly from gas-particle conversion as they presented a unimodal distribution 
60 
 
in the fine mode. Urban background measurements of 42 elements by Alleman et al. 
(2010) found As and Mn volume-weighted mean concentrations very close to the 
European annual target value of 6 ng/m3 for As (Directive 2004/107/EC) and the WHO 
annual guideline value of 150 ng/m3 for Mn (WHO, 2000). Concentrations for other 
elements were in line with those in other urbano-industrialised areas in Europe (Querol 
et al., 2002; Voutsa et al., 2002). PCA and PMF produced eight factors which contributed 
to PM10: crustal dust (Al, Fe, Si, Th, U) (11%), marine aerosols (K, Mg, Na, S, Sr) (12%), 
petrochemistry activities (Co, Eu, La, Ni, V) (9.2%), metallurgical sintering plant (Ag, 
Cs, Fe, Pb, Rb) (8.6%), metallurgical coke plant (Ag, Bi, Ce, Cs, La, Rb, Sm, Th, Ti) 
(12.6%), ferromanganese plant (As, Cd, Mn, Mo) (6.6%), road transport (Ag, Ba, Cd, Cu, 
Pb, S, Sb, Zn) (15%) and a less clearly interpretable profile probably associated to dust 
resuspension (Al, As, Ba, Ca, Co, Cr, Eu, Ni, Sc, Sr, U, Zr) (13%). These weighted 
contributions against wind direction frequencies demonstrated that industrial sources 
were the most important contributors to this site (37%), followed by natural sources 
(detrital and marine sources) (23%) and road transport (15%). These elements generally 
constitute only a small fraction (< 5%) of PM mass in Europe but are useful tracers for 
specific sources which is necessary in the Dunkirk area due to the unusually high number 
of industrial, natural and urban sources.  
A similar, more recent study in the same area found enhanced crustal enrichment factors 
for Sb, Cd, As, Mo, Pb, Zn, Cu, Ni, Cr, Mn and V, indicating these were almost 
exclusively from anthropogenic origins (Mbengue et al., 2014). The highest trace metal 
concentrations were measured for Mn (60 ± 23 ng/m3), Zn (50 ± 43 ng/m3), Pb (17 ± 10 
ng/m3) and Cr (13 ± 5 ng/m3) for downwind industrial emissions and Zn (25 ± 23 ng/m3) 
and Mn (19 ±15 ng/m3) for the urban sector. Concentrations of the remaining elements 
were always less than 10 ng/m3. Analysis by wind sector showed higher concentrations 
of Na, Fe, Mg, Mn, Zn, Pb, Cr, Ni, As, Sr, Mo, Rb, Cd and Co for the industrial sector, 
while Cu, K, and V displayed slightly higher concentrations downwind of urban and 
traffic emissions. A comparison of the industrial and urban enrichment factors found no 
preferential enrichment in the PM0.29 fraction for most of the elements. In contrast, PM0.29-
1 particles collected downwind of industrial emissions were enriched in metals in 
comparison with those from the urban sector, particularly As, Cd, Fe, Mn, Mo, Pb, Rb 
and Zn, which are commonly associated with metallurgical and refinery processes in the 
studied zone (Choël et al., 2006; Ledoux et al., 2009; Alleman et al., 2010). 
Manufacturing activities also contributed to metal enrichment in the PM1-10 fraction (As, 
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Cd, Co, Cr, Fe, Mg, Mn, Mo, Na, Ni, Pb, Sr and Zn), either through direct emissions or 
by the coagulation of pre-existing particles in the accumulation mode.   
Emissions from the processes of the two main metallurgical facilities in Dunkirk, the 
ferromanganese alloy plant and the steelworks, could be distinguished from each other 
based on Mn and Fe content but also contain several common components. Fe, Ca, Al 
and Mg are the major elements of the steelmaking process, with the individual stages 
producing relatively useful tracers (Hleis et al., 2013). The sintering stack produces 
relatively high amounts of KCl and Pb, while fugitive emissions from sinter screening 
contain higher amounts of Fe, Ca and Al and less K, Cl, Na and Pb. Spherical blast furnace 
particles are composed largely of Fe (in the form of hematite and magnetite), with lower 
levels of Ca, Zn and C (as graphite) compared to those from the steelmaking itself. Zn-
rich, Fe-Zn and graphite particles, also spherical, were distinctive of this stage. Angular 
particles rich in Ca and Fe characterised the desulfurisation slag processing area. The Fe 
emissions of the steelworks are the dominant source of Fe in the Dunkirk air, estimated 
at 40 t/day (Flament et al., 2008). This may be equivalent to 1–2% of the annual 
atmospheric Fe deposition in the entire Mediterranean basin (Koçak et al., 2005) and also 
corresponds to the annual emission of heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se and 
Zn) in France (1.1 × 103 t/y (CITEPA, 2014)).  
Mn, Al and Fe are the main metallic constituents of particulate emissions from the 
ferromanganese alloy facility in Dunkirk (Marris et al., 2012), most of which come from 
the cooling chimney of the sintering process (32.3 t/y of PM emitted annually). Mean 
mass concentrations for these elements in this chimney were 380, 156 and 75 μg/m3 for 
the PM0.1–1 size fraction and 2110, 587 and 413 μg/m3 for the PM1–10 size fraction (Marris 
et al., 2012). Pb and Mg are also present in particles emitted from this chimney and 
represent minor metallic elements, while Ni, Cu, Zn, Cd and V are considered trace 
elements as the concentrations found by Marris et al. (2012) were generally less than 10 
μg/m3. All these elements come from the primary material (blend of manganese 
containing ores) used for the production of iron–manganese alloys and transformed 
during the smelting process. The relative abundance of Mn to other elements in the 
cooling chimney was found to be independent of size fraction and the element it was 
compared to, indicating that the bulk chemical composition of emitted particulate matter 
was almost constant in time for metallic elements, even if the emitted quantities were 
variable. Individual particles from the cooling chimney (analysed by SEM-EDX) were 
mostly constituted of internally mixed aluminosilicate and metallic compounds as major 
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components, whatever the size-class. An external mixing of metallic particles and 
aluminosilicate particles was also observed. The firing chimney of the sintering unit emits 
similar particles to the cooling chimney, but also a relatively high abundance of calcite 
particles and to a lesser extent carbonaceous particles (on average respectively 47% and 
5% of analysed particles). Particles from the smelting chimney were essentially metallic 
(comprised 90% of Mn oxides, containing Al and Si as minor elements) for the PM0.1–1 
size fraction. Metal bearing particles were often nearly spherical for “pure” metallic 
particles (e.g. for a Fe oxide) or with an irregular shape for particles internally mixed 
(aluminosilicates-metals), with a heterogeneous distribution of metals inside them.  
Ambient sampling 500 m downwind of the facility revealed large increases in Mn 
concentrations and moderate increases in Al and Fe concentrations in both PM0.1-1 and 
PM1-10 fractions. Individual particle analysis of this plume found metallic particles (10–
40%), Al–Si particles (9– 37%), calcite particles (5–10%), and to a lesser extent 
carbonaceous (3– 12%), gypsum (0–18%) and marine particles (0–4%). The main particle 
types observed inside the chimneys (metallic, Al–Si and metallic/Al–Si) were still present 
when the plume reached the edge of housing areas adjacent to the industrial zone, 1500 
m away from the plant. Two types of particles were found in the plume that were not 
present in the chimneys. Metals (Fe, Mn) mixed with carbonaceous compounds, 
accounting for up to 14% of particles analysed, were thought to result from adsorption of 
VOCs on primary pure metallic particles or the coagulation of soot with these particles 
(Goss & Eisenreich, 1997). Mn-bearing particles containing sulfur (identified as metallic 
particles and accounting for 30% of this class) were thought to result from condensation 
of sulfuric acid on pre-existing metallic particles during the plume transport. This is 
consistent with a chemical evolution of emitted particles on a time scale of just a few 
minutes (Kulmala & Kerminen, 2008).  
VOCs have also been measured at industrial, urban and rural locations around Dunkirk 
(Roukos et al., 2009) during winter and summer. Most VOC emissions in Dunkirk result 
from the industrial sector (75%); the largest emitters are a hydrocarbon cracking industry, 
a refinery and a steelworks with VOC emissions of 1124, 639 and 461 tons/year 
respectively. This corresponds to 37, 21 and 15% of the total VOCs emitted by the 
industrial sector, respectively. The residential sector accounts for 12%, followed by the 
transport sector with 10%. Biogenic emissions are considered unimportant in this area. 
Concentrations of benzene, toluene, ethylbenzene and xylenes were higher at industrial 
sites than in urban and rural areas (where they were characteristic of background 
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pollution), and were also higher in the winter. The latter trend was attributed to higher 
emissions (domestic heating and cold starting for vehicles), reduced dilution processes 
due to a lower mixing layer and reduced photochemical reactivity in winter. The winter 
sampling period was characterised by oceanic air masses known to be poorly loaded in 
VOC (Sauvage et al., 2009). Therefore, concentrations were dominated by local inputs 
during this period. The situation during the summer period was reversed, with long-range 
transported compounds in air masses which had undergone photochemical processes and 
were associated with continental air back trajectories.  
3.1.3 AIMS 
From these studies it is clear that the industrial activities in Dunkirk can significantly 
impact local air quality, particularly considering their proximity to large residential areas. 
However the precise impact of any of these activities is not well known. Facilities are 
required to limit and measure emissions of particles and gases and certain species, while 
air quality monitoring networks usually avoid performing measurements close to 
industrial areas because these locations are not considered as representative. The large 
number of industrial and urban sources produce complex aerosols, although similar 
elemental profiles (Alleman et al., 2010) make characterisation of specific particle 
sources very challenging. As a result there is little characterisation of emissions after they 
leave an industrial area and identification of their origins is therefore difficult, as the 
degree and speed of atmospheric processing is unknown. The two largest metallurgy 
facilities in Dunkirk have been studied to some degree, but with a focus on distinguishing 
emissions from different stages of the process from each other.   
In this context, the NANO-INDUS field campaign was performed at the boundary of the 
ferromanganese alloy facility and attempted to characterise its emissions and distinguish 
them from other industrial sources in the area. More specifically, the project was 
motivated by four inter-related questions: 
- How do the physico-chemical characteristics of fine particles at the boundary of 
an industrial area differ from those directly emitted at the chimneys? 
- Is there a link between the presence of fine particles at the boundary of an 
industrial area and gases directly emitted at the chimneys? 
- Do fine particles within an industrial plume have a homogeneous chemical 
composition, size distribution and morphology, or are they produced by 
condensation and/or agglomeration, leading to particles with heterogeneous 
compositions and morphology? 
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- What is the link between the bio-accessibility of these fine particles and their 
physico-chemical characteristics? 
To address these questions measurements of particles and gases sampled or measured 
directly at the three chimneys of the facility were compared with those obtained during a 
four-week field measurement campaign ~800 m southwest of the chimneys. The 
ATOFMS was deployed during the field campaign to provide size-resolved 
measurements of the chemical composition of ambient particles with hourly time 
resolution. ATOFMS analysis was also performed on the raw materials (ores) and 
particulate matter collected on industrial filters located in the three chimneys of the 
facility. This information, contained in Appendix I, allowed for source attribution of the 
particle types observed during the field campaign, thus providing an improved 
understanding of the impact of the ferromanganese alloy manufacturing facility on local 
air quality.  
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 METHODOLOGY 
3.2.1 SAMPLING SITE 
All sampling and measurements took place directly on the site of a ferromanganese alloy 
manufacturing facility, operated by Glencore Manganese France (GMF), located in the 
industrial area of Grande-Synthe, ~7 km west of Dunkirk (51° 01’ 44” North, 2° 16’ 10” 
East, 10 m above sea level).  Figure 3.3 shows the location of the sampling site relative 
to industrial and residential areas of Dunkirk and Figure 3.4 shows a close-up of the 
sampling site on the grounds of the ferromanganese alloy facility, where it was ~800 m 
southeast of the emission chimneys. The site was also influenced by other urban, 
industrial, rural, biogenic and marine emissions (within 2 km of the North Sea), 
depending on the wind direction (Figure 3.2).  
 
Figure 3.2. Location of Dunkirk relative to the UK and Belgium, and nearby potential biogenic 
(national park) and agricultural emissions. 
To the east of the sampling site there is a nearby steelworks (< 1 km away) and the urban 
areas of Fort Mardyck (3,600 inhabitants, ~2 km) and Dunkirk (93,000 inhabitants, ~7 
km). The presence of the steelworks close to the sampling site is an important factor 
because, under certain wind directions, emissions from the steelworks could potentially 
mix with those from the ferromanganese alloy factory before reaching the sampling site. 
To the north and northwest of the site, in the direction of the North Sea, emissions were 
very limited and associated mainly with marine or shipping sources. However, an outdoor 
store of manganese ores lies ~200 m to the north of the site and during windy periods, 
some dust could potentially be transported to the sampling site. Finally, petrochemistry 
and glass production facilities lie to the west of the site and refineries lie to the southwest.   
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Figure 3.3. Overview of zones and industries in Dunkirk, France. Circles indicate type of industry: 
red=petrochemical industries, orange=other chemical facilities, white=metallurgy, green=energy 
production, blue=food & agricultural products, purple=others. Sampling site is marked with a star.  
 
Figure 3.4. Close-up of sampling site location for NANO-INDUS on GMF grounds. 
Ferromanganese alloy is made from iron-enriched manganese ores and is used in 
steelworks to improve the hardness and wear resistance of steel (European Commission, 
2014). Production of the alloy at the Grande Synthe facility involves a number of 
processes, as indicated in Figure 3.5. The facility consists of a sinter unit, and an electric 
arc furnace. The industrial process can be described by three main steps. 
In the first step, the manganese ores (naturally rich in iron) are sintered with anthracite 
and calcite (CaCO3) in an oven. This involves heating of the sinter (~400 °C), an 
agglomeration technique of fine ores by melting the surface of smallest particles, followed 
by cooling, which forms larger agglomerates (Malan et al., 2004). This process produces 
a more suitable ore size and also reduces the natural ore to an intermediate metallurgical 
grade raw material, using anthracite as the reducing agent. The original ores are modified, 
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but their chemical compositions are not very different from the primary material 
composition. As a result, it is not surprising to identify in samples collected inside the 
sinter unit chimneys Mn and Fe oxides coming from the original ores, aluminosilicates 
from the gangue and calcite particles from the additive process (Marris et al., 2012). In 
the second step, the manganese ore, which is in the form of manganese dioxide (MnO2), 
is reduced to metallic Mn using coke in an electric arc furnace (1400 °C), which provides 
the necessary energy for the redox reaction. The casting process (less emissive) operates 
at the liquid state and the obtained alloy is very different in composition from the original 
ores. As a result, collected particles are essentially metallic. Finally, the third step consists 
of crushing the alloy to obtain the final product.  
 
Figure 3.5. Schematic drawing of the Fe-Mn alloy manufacturing process and the industrial 
filtration system (outlined in dashed line). Atmospheric PM emissions (in kg/y) are reported for 
each main chimney (Marris et al., 2012, 2013). 
Particles and gases emitted during these processes are driven into three different 
chimneys, where they are treated by filters before their release into the atmosphere. Two 
of these chimneys are located in the sintering unit, above the firing area and the cooling 
area, respectively, while the third chimney is in the smelting unit. The sintering unit works 
24 hours a day, and thus particles and gases are continuously emitted from its two 
chimneys (Marris et al., 2012). Emissions from the smelting unit, where the 
electrochemical reduction of the manganese ore and subsequent casting of the final 
product takes place, occur continuously during 2 hours for a 6 hour cycle. 
68 
 
3.2.2 INSTRUMENTATION 
The field campaign took place between May 15th and June 12th, 2012 and was a 
collaborative effort involving a number of research groups and institutes. A list of 
instruments deployed with the groups responsible for the measurements and data analysis 
is given in Table 3.2. Date and time are reported in Coordinated Universal Time (UTC). 
The local time during this study was Central European Summer Time (CEST), which 
corresponds to UTC +2:00. Local meteorological parameters were measured with a 
weather station and a sonic anemometer, while turbulence and vertical profiles of the 
wind components were assessed with a Doppler SODAR (Sonic Detection and Ranging). 
The exact position of the plumes emitted by the chimneys of the ferromanganese alloy 
plant and the periods during which the sampling site was under their direct influence was 
determined with an aerosol LIDAR (Light Detection and Ranging).  
Particle number concentrations and size distributions were measured with a scanning 
mobility particle sizer (SMPS, 10 nm – 1 μm in mobility diameter) and optical particle 
counter (OPC, 300 nm – 20 μm in optical diameter). PM2.5 mass concentrations were 
provided by a beta gauge PM monitor, which operates on the principle that particles on a 
filter tape absorb beta rays emitted by a C14 source, producing a mass proportional signal 
(Hauck et al., 2004). Black carbon concentrations were provided by an aethalometer, 
which collects particles onto a quartz filter fibre; the attenuation of a beam of light 
transmitted through the sample is linearly proportional to the amount of BC on the filter 
(Hansen et al., 1984; Magee Scientific Company, 2005). 
A high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) delivered 
quantitative mass concentrations of the major non-refractory chemical species (SO4, NO3, 
NH4, non sea salt-Cl) present in submicron particles (Jayne et al., 2000b; DeCarlo et al., 
2006). Non-refractory components of particles are vapourised by impaction on a 
resistively heated surface (∼600 °C), ionized by electron ionization (70 eV) and detected 
by quadrupole or TOF mass spectrometry; the instrument is unable to vaporise black 
carbon, sea salt, potassium or mineral dust (Middlebrook et al., 2003).  The capability to 
measure organics and secondary inorganic ions quantitatively in bulk aerosol using the 
AMS combined with the ability of the ATOFMS to qualitatively analyse refractory and 
non-refractory single particle components has produced complementary datasets when 
these instruments are deployed side by side (Healy et al., 2013).  
Positive matrix factorisation (PMF) can be performed on AMS data to produce organic 
aerosol (OA) factors (Zhang et al., 2011b). Each individual factor typically corresponds 
69 
 
to a large group of OA constituents with similar chemical composition and temporal 
behaviour that are characteristic of different sources and/or atmospheric processes. 
Typical OA factors include hydrocarbon-like organic aerosol (HOA, representative of 
fossil fuel combustion), low-volatility oxygenated organic aerosol (LV-OOA), semi-
volatile oxygenated organic aerosol (SV-OOA), biomass burning organic aerosol 
(BBOA), cooking-related organic aerosol (COA), and nitrogen-enriched organic aerosol 
(NOA). In environments in which chemical variation in the OOA is not significant, either 
because of lack of change in the meteorological conditions (e.g., ambient temperature), 
source effect, or photochemical age distribution, only one OOA is extracted. However, in 
environments where OOA is subject to continuous evolution, several OOA factors which 
represent the end points of a relatively continuous chemical variation arising from 
different levels of aging are observed. LV-OOA (previously known as OOA-1), the more 
oxidised OOA factor, correlates well with sulfate and is thought to be more aged and non-
volatile. In contrast, the less oxidized SV-OOA (previously known as OOA-2) is thought 
to be typically semi-volatile because of its diurnal cycles and time trends that are similar 
to those of ammonium nitrate and chloride, both of which dynamically partition between 
gaseous and particulate phases depending on ambient temperature and humidity.  
In addition to online particle measurements, several cascade impactors and a speciation 
sampler were employed to collect particles on filters for subsequent off-line analyses. 
These analyses included the determination of the elemental composition, mixing state and 
morphology by scanning electron microscopy coupled to energy-dispersive X-ray 
spectroscopy (SEM-EDX), the measurement of metals by inductively-coupled plasma 
mass spectrometry (ICP-MS), ions by ion chromatography (IC) with a conductivity 
detector, and organic carbon (OC) and elemental  carbon (EC) by a thermal-optical 
method. 
ATOFMS data analysis was carried out according to the procedures outlined in Chapter 
2. ATOFMS particle numbers for each particle class were scaled using an SMPS and OPC 
and then converted to mass as described in Section 2.2.1. Reconstructed ATOFMS mass 
concentrations were compared with those obtained by the beta gauge, AMS and ICP-MS 
analysis of filters, in the form of regression analysis. 
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Table 3.2. List of instruments deployed during the NANO-INDUS field campaign. 
Parameter Instrument Make & Model Temporal resolution Laboratory 
 Particle phase 
Chemical composition and size distribution of non-refractory particles 
(30-1000 nm, vacuum aerodynamic diameter) 
HR-ToF-AMS Aerodyne Research Inc. 4 min (continuous) EMD-SAGE 
Chemical composition and size distribution of non-refractory and 
refractory particles (100-3000 nm, vacuum aerodynamic diameter) 
ATOFMS TSI Instruments Ltd., model 3800-100 5 min (continuous) UCC 
Particle number size distribution (10-1000 nm, mobility diameter) 2 SMPS 
Grimm Aerosol Technik, DMA model 55-900 
and CPC model 5.403 
TSI Instruments Ltd.  
6 min (continuous) 
ULCO-LPCA 
UCC 
Particle mass size distribution (300 nm – 20 μm, optical diameter) OPC Grimm Aerosol Technik, model 1.108 5 min (continuous) ULCO-LPCA 
PM2.5 mass concentration Beta gauge  1 hr (continuous) EMD-SAGE 
Black carbon (BC) Aethalometer Magee Scientific,  model AE42 5 min (continuous) EMD-SAGE 
Elemental (EC) and organic carbon (OC) Partisol sampler (filters) Sunset Laboratory or carbon aerosol analyser 24 hr (continuous) EMD-SAGE 
Trace metals concentration 
3-stage cascade impactor 
(filters for ICP/MS and IC analysis) 
Varian Inc., model 820-MS; or Perkin Elmer, 
model DRC Elan 6100 
24 hr (continuous) ULCO-LPCA 
Morphology and elemental analysis of individual particles 
3-stage cascade impactor (boron 
substrates for SEM/EDX analysis) 
SEM: FEI Company, model Quanta 200. EDX: 
EDAX Inc. 
20 min (punctual) ULCO-LPCA 
 Atmospheric dynamics 
Detection of industrial plume, boundary layer height Aerosol LIDAR Raymetrics S.A. 15 min (continuous) ULCO-LPCA 
Turbulence, vertical profile of wind components Doppler SODAR Remtech, model PA2 15 min (continuous) ULCO-LPCA 
Turbulence, wind speed and direction Sonic anemometer METEK GmbH, model USA-1 15 min (continuous) ULCO-LPCA 
Pressure, temperature, relative humidity, 
solar radiation, rain, wind speed and direction 
Weather station Davis Instruments, model Vantage Pro 2 1 min (continuous) ULCO-LPCA 
EMD-SAGE: Ecole des Mines de Douai, Département Sciences de l’Atmosphère et Génie de l’Environnement 
UCC: University College Cork 
ULCO-LPCA: Université du Littoral Côte d’Opale, Laboratoire de Physico-Chimie de l’Atmosphère 
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 RESULTS AND DISCUSSION 
3.3.1 METEOROLOGY 
Figure 3.6 shows time series of standard meteorological parameters: temperature, relative 
humidity, solar radiation, wind direction and speed. The temperature varied between 6 
and 24°C, but for most of the field campaign was in the range 10-15°C and maximum 
solar radiation was in the range 750-850 W/m2. The humidity was relatively high (mean 
± 1 σ: 78.9 ± 14.3%) due to the coastal location of the receptor site. 
 
Figure 3.6. Time series of hourly averages of temperature, relative humidity, solar radiation and 
wind direction coloured by wind speed during NANO-INDUS. Shaded regions correspond to the 
main north-easterly wind periods which brought industrial plumes to the sampling site. 
Wind direction was an important parameter used to identify periods during which north-
easterly winds transported plumes from the emission chimneys to the receptor site. Wind 
direction was not regular during the field campaign, as shown by the wind rose plot 
(Figure 3.7). Prevailing, and strongest, winds during the campaign were south-westerly. 
Lowest wind speeds (0–2 m/s) also occurred mostly from the south-west. Winds with 
speeds >8 m/s were also observed from the north-west and the north, likely sea breezes. 
The wind was northeasterly for only 5% of the field campaign, and two periods were 
identified during which the emission plumes could be transported from the chimneys to 
the site: 25-27th May, and 2nd June, 2012. The period between 25th and 27th May is of 
particular interest, because it is the longest period with northeasterly wind and 
corresponds to the days of the campaign which received the most solar radiation, which 
could increase photo-oxidation and promote fast chemical transformations of particles 
and precursor gases between the emission chimneys and the sampling site. A high 
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temperature gradient could also promote sea breezes, and thus vertical mixing of the 
plumes.  
ATOFMS particle numbers, BC and total AMS mass concentrations showed a strong 
dependence on north-easterly wind with moderate speeds (4-8 m/s), despite this wind 
sector being prevalent for only 5% of the campaign.  
 
Figure 3.7. Wind rose of wind speed frequency (%) and wind dependences of ATOFMS particle 
numbers, total AMS and BC mass concentration during NANO-INDUS. 
Figure 3.8 shows a map of Western Europe with the 9 clusters identified using HYSPLIT. 
Clusters 1, 4, 8 and 9 represent marine air masses from the North Atlantic, with the last 
24 hours spent over the English Channel and northern France (including Paris). Clusters 
2 and 3 also represent marine air masses but from over the Norwegian Sea and travelled 
over the UK and Ireland before reaching the site. The marine air masses accounted for 
62% of trajectories and affected the site between 15-18th May and in the last two weeks 
of the campaign, likely bringing anthropogenic as well as marine emissions. Cluster 5 
trajectories were slow moving over northern France in the last 48 hours of their transit, 
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again bringing a mix of marine and anthropogenic aerosol to the site from 18-20th May. 
Clusters 6 and 7 passed over northern and Eastern Europe from 21-28th May and probably 
carried anthropogenic emissions, as these regions are highly urbanized and industrialized, 
and contain some of the world’s busiest harbours (Rotterdam, Antwerp, Hamburg, 
Amsterdam). These clusters are the only ones to correspond to a continental air mass, and 
were observed for 27% of the campaign duration. In summary, the back trajectory 
analysis suggests that the sampling site was influenced by long-range transport of 
anthropogenic and marine emissions as well as local pollutants, depending on air mass 
origin at the time. 
 
Figure 3.8. Cluster analysis of 120-hour back trajectories (calculated every hour during NANO-
INDUS) ending at Grande-Synthe, Dunkirk at 500 m above ground level. 
3.3.2 PARTICLE NUMBER AND MASS CONCENTRATION 
Hourly number concentrations measured by the SMPS and OPC are shown in Figure 3.9. 
Size bins with similar temporal profiles were grouped for clarity. The 10-50 nm SMPS 
bin accounts for most of the SMPS particle numbers (74%) and correlates well with the 
OPC bin 800 nm – 20 µm (R2=0.6).  The majority of particles in these bins were observed 
from 25-27th May, with a peak number concentration of ~2×105 particles/cm
3 for those in 
the 10-50 nm bin. Similar temporal profiles for these bins suggests that emissions during 
NE wind/industrial periods were a mixture of newly formed and large particles (possibly 
resuspended dust or raw material). A large concentration of 50-300 nm particles was also 
observed from 25-27th May, but not exclusively during this period. This bin correlates 
moderately with AMS organics (R2=0.51) and ATOFMS K-rich and Fe-rich mass 
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concentrations (R2=0.53, 0.52), indicating that a significant amount of particles in this 
size range originated from biomass burning and industrial emissions and were composed 
of oxidised organic compounds. The temporal profile for 300-800 nm particles is different 
again, and correlates well with ATOFMS EC and AMS NO3 and NH4 mass 
concentrations (R2=0.75, 0.57 and 0.57 respectively). This suggests a strong association 
with fossil fuel combustion for particles in this size range, as well as some atmospheric 
processing.   
 
Figure 3.9. Time series for hourly number concentrations measured by the SMPS and OPS during 
NANO-INDUS.  
Mass concentrations were highest with NE wind, corresponding to periods with the 
largest metallurgical industry influence. The average PM2.5 concentration during these 
periods was 35.7 µg/m3, twice as high as during periods dominated by marine emissions 
(N wind: 18.5 µg/m3, NW wind: 18.7 µg/m3), and 4-5 times higher than periods with 
predominantly urban influences. Examination of the wind speed during these periods 
indicates that high mass loadings occurred during periods of low wind speed, while the 
decrease of the particle mass loading during the last week occurred when the wind speed 
increased significantly. Thus, wind speed played an important role in the dilution and 
dispersion of pollutants.  
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3.3.3 PARTICLE CLASSES 
Approximately 800,000 single particle mass spectra were generated by the ATOFMS 
during the sampling period and clustered using the K-means algorithm (K = 80), as 
described in detail elsewhere (Healy et al., 2009, 2010; Gross et al., 2010). 32 distinct 
ATOFMS particle classes were identified and subsequently grouped into 9 general 
categories for clarity. The contribution to ATOFMS particle number and mass 
concentration of all particle classes can be found in Table 3.3. Detailed descriptions of 
the particle classes and their occurrence during the field campaign are provided in the 
following sections. Assignment of particle classes originating from the ferromanganese 
alloy manufacturing facility is based on comparison with single particle mass spectra 
obtained from the chimney filter samples and ores, presented in Appendix I. 
Table 3.3. Detailed composition of ATOFMS dataset during NANO-INDUS, by particle classes. 
Category Particle Class 
No. of 
Particles 
% of Total 
Ionised 
% Particles with 
negative spectra 
% of Total 
ATOFMS 
Mass 
Peak Aerodynamic 
Diameter (µm) 
Na-rich 
Sea salt 167093 21 17 6 1.54 
Na-K 12551 2 31 3 0.85 
Na-Mg 2299 0.3 42 0.3 2.89 
 Na-EC 1583 0.2 12 0.2 0.89 
K-rich 
K 166290 21 23 23 0.57 
K-Cl 4718 1 100 0.7 0.51 
K-aluminosilicate 2058 0.3 100 0.2 1.00 
K-Al 1405 0.2 22 0.1 0.76 
EC 
EC 67346 8 13 9 0.74 
EC-amm-nit 15858 2 15 3 0.74 
EC-K 76148 9 22 9 0.74 
EC-K-amm-nit 14707 2 41 2 0.74 
OC & PAH 
OC 9073 1 79 3 0.48 
OC-PAH 3127 0.4 92 0.5 1.41 
PAH 1004 0.1 49 0.2 0.38 
Fe-rich 
Fe 21683 3 50 3 0.64 
K-Fe-Na 11020 1.4 55 6 0.76 
Fe-K-Ca 4064 0.5 67 1 0.93 
Fe-EC 955 0.1 19 0.2 0.81 
Ca-rich 
Ca 10760 1 55 2 0.79 
Ca-K 1618 0.2 42 0.6 0.81 
EC-Ca 1354 0.2 72 1 0.27 
V-rich 
V-Fe 8957 1 11 3 0.64 
Na-V 1414 0.2 62 1 0.45 
Mn-rich 
Mn 2563 0.3 5 0.9 0.74 
K-Mn 3287 0.4 62 0.9 0.82 
Al-K-Mn 2328 0.3 70 0.7 0.74 
 Mn-K-Fe 1136 0.1 75 0.3 0.72 
Others  
K-Pb 8029 1 77 3 0.43 
Li-Zn 457 0.1 33 0.1 0.74 
K-Amines 1764 0.2 6 0.2 0.56 
EC-Amines 1048 0.1 10 0.1 0.53 
Sulfur 224 0.02 1 0.01 0.59 
Poor positive 
spectra 
124848 15.5 7 17 0.53 
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Na-rich 
Four Na-rich particle classes were observed during NANO-INDUS and together account 
for 23% of all ATOFMS particles ionised (of which the Sea salt class was the main 
contributor); average mass spectra are shown in Figure 3.10. Sea salt particles are typical 
of those observed in other coastal/marine environments (Gard et al., 1998a; Dall’Osto et 
al., 2004; Healy et al., 2010) and are characterised by 23Na+, 39K+ and low intensity 
81,83Na2Cl
+ adducts. The composition of Na-K particles is similar, with 26CN- , 79PO3
-, 
12,24,36,…Cn
- fragments and sulfate (97HSO4
-) in the negative mode, but without the 
81,83Na2Cl
+ adducts. Na-K particles have been previously observed in Mexico City where 
they were attributed to a combination of industrial emissions as well as salt particles from 
a nearby dry lake bed (Moffet et al., 2008b). Na-Mg particles have an additional signal 
for 24Mg+. 35Cl- is present in Sea salt, Na-K and Na-Mg particles but not in Na-EC. The 
latter are characterised by 12,24,36,..Cn
 peaks in both positive and negative mass spectra. Na-
EC particles were also been seen in Mexico, where they were thought to have been 
produced by industrial emissions and incineration or refuse burning (Moffet et al., 2008b). 
Na-EC particles, described as internally mixed sea salt and EC, were found in ambient 
aerosol and aerosolised rainwater samples from California and the Indian Ocean, where 
they were most likely formed by cloud processing occurring during long-range transport 
(Holecek et al., 2007). The authors anticipated that this composition, an absorbing particle 
(EC) mixed with a high refractive index material (sea salt) would strongly absorb 
radiation and have important climate ramifications.  
Nitrate (46NO2
-, 62NO3
-) signals dominate the average negative mass spectra of all four 
Na-rich classes. The lack of NaCl adducts in the negative mode of the Sea salt class 
indicates replacement of Cl by nitrate to form sodium nitrate particles (Noble & Prather, 
1997; Gard et al., 1998b). However it should be noted that only 17%, 35%, 42% and 12% 
of Sea salt, Na-K, Na-Mg and Na-EC particles produced negative mass spectra. It is 
possible that fresh sea salt particles were detected and included in the Sea salt class but 
did not produce any negative mass spectra. 
Mg-rich particles similar to the Na-Mg class have been observed at a North Atlantic 
coastal site (Dall’Osto et al., 2005), on the Californian coast and over the Indian Ocean 
(Gaston et al., 2011). They were associated with fresh sea salt emissions at all three 
locations, particluarly during episodes of heavy rain (Dall’Osto et al., 2005) or when wind 
speeds were above 10 m/s (Gaston et al., 2011), as well as with atmospheric and seawater 
dimethylsulfide (DMS) during the Indian Ocean study. The latter suggests that the Mg‐
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rich particles were detected due to changes in ocean chemistry associated with biological 
activity. Chlorophyll, which is an essential component of marine phytoplankton, is 
comprised of a cyclic organic structure co-ordinated to a central atom of magnesium. 
Gaston et al. suggest the Mg-rich particles, which also contained OC markers (27C2H3
+, 
43C2H3O
+), could result from extracellular polymeric substances excreted by 
microorganisms, cell debris or fragments, viruses, bacteria or the seawater bubble 
bursting process lysing cells, releasing organics and/or chlorophyll a into the water 
column. The Na-Mg particles could therefore reflect an organic‐rich particle coating when 
water insoluble organic material is present in sea spray aerosols.  
 
 
 
Figure 3.10. Average mass spectra for Na-rich particle classes observed during 
NANO-INDUS. 
Many of the Mg-rich particles detailed by Gaston et al. lacked negative ion spectra even 
though a heated inlet was used to control relative humidity (RH) at 55%, an indicator of 
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particle-phase water (Neubauer et al., 1997, 1998). In contrast, sea salt particles produced 
both positive and negative ion spectra at the same RH, indicating that Mg-rich particles 
have hygroscopic properties that differ from pure sea salt. Many of the Na-Mg particles 
detected during NANO-INDUS also lacked negative ion spectra (58%), but so too did the 
sea salt particles (83%), suggesting that non-optimal performance of the negative ion 
detector was responsible, as outlined in Section 2.3.  
Mg has previously been found in dust particles (Silva et al., 2000) but these usually also 
present 27Al+ and 56Fe+ signals, which was not the case for the Na-Mg particles seen 
during NANO-INDUS or in the afore-mentioned Mg-rich particles, which were also 
found to be anti‐correlated with dust particles supporting their marine rather than 
continental origin (Gaston et al., 2011). 
Iodine and bromine are important components of marine aerosol (Mahajan et al., 2010), 
particularly in coastal regions (O’Dowd et al., 2002). They can increase the production 
of both NO2 and OH and iodine compounds are an accepted source of new tropospheric 
particles (Roscoe et al., 2015). Iodine and bromine have been previously detected by 
single particle mass spectrometers in marine environments (Murphy et al., 1997; 
Middlebrook et al., 1998) and at a remote rural location in the UK (Beddows et al., 2004), 
where iodine was found in 0.7% and 1.2% and bromine in 4.5% and 6.6% of fine and 
coarse particles respectively. Iodine presents as an anion with m/z -127 and bromine as 
anions with m/z -79 and -81 (m/z -79 can also be assigned to PO3
- so the combination of 
peaks at m/z -79 and -81 is important for bromine detection). Detection of both was 
expected to be limited due to the negative ion detector issue; neither were found in any 
average mass spectra so queries for both were undertaken. Only a few particles were 
found to contain either element; 93 conatined iodine and 181 contained bromine. 
EC 
Four EC particle classes were identified, together accounting for 22% of total ATOFMS 
particles ionised (of which the EC and EC-K classes were the main contributors); average 
mass spectra are shown in Figure 3.11. All four classes are characterised by 23Na+ and by 
12,24,36,…Cn peaks in both positive and negative mass spectra, with EC-K and EC-K-amm-
nit presenting a signal for 39K+ (weaker relative to 36C3
+). The peak at m/z 30 has been 
assigned to NO+ for EC-amm-nit and EC-K-amm-nit particles and has been previously 
used as a marker for ammonium nitrate (Song et al., 1999; Kane & Johnston, 2000; Bhave 
et al., 2002a). This m/z could also be assigned to methylamine but this is more often 
associated with the presence of other amine fragments so it seems unlikely it would be 
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the only amine fragment in these EC particles. 18NH4
+ is also present in EC-amm-nit and 
EC-K-amm-nit particles, supporting the assignment of m/z 30 to NO+. While K is often 
used as a marker for biomass combustion, internally mixed EC and K has also been 
observed in particles from coal combustion (Healy et al., 2010). EC particles without K 
are more difficult to source apportion, lacking any unique markers, and could be assigned 
to various fossil fuel combustion sources (traffic, fuel oil, etc.). 
 
   
 
Figure 3.11. Average mass spectra for EC particle classes observed during 
NANO-INDUS. 
Strong signals for sulfate (97HSO4
-) relative to nitrate (46NO2
-, 62NO3
-) can be seen in the 
negative mass spectra of EC-amm-nit and EC-K-amm-nit particles, while the opposite is 
the case for EC and EC-K particles. However, only 13%, 22%, 15% and 41% of EC, EC-
K, EC-amm-nit and EC-K-amm-nit particles produced negative mass spectra so the 
average mass spectra do not represent the negative ion population of all EC particles.  
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OC and PAH 
Three OC or PAH-containing particle classes were identified, together accounting for 2% 
of total ATOFMS particles ionised (of which the OC class was the main contributor); 
average mass spectra are shown in Figure 3.12. All three classes produced hydrocarbon 
fragments in the positive mass spectra (27C2H3
+, 37C3H
+, 43C2H3O
+, 51C4H3
+, 63C5H3
+, 
74C6H2
+, 84C7H
+) as well as 39K+ and 23Na+. Some 12,24,36,…Cn
- fragments, 26CN- and sulfate 
(97HSO4
-) are evident in the negative mass spectra, while nitrate (46NO2
-, 62NO3
-) 
dominates those of the OC and PAH classes.  
 
Figure 3.12. Average mass spectra for OC and PAH-containing particle classes observed during 
NANO-INDUS. 
Mass spectra similar to the OC, OC-PAH and PAH classes were also observed in the Port 
Talbot steelworks study (Dall’Osto et al., 2012) and correspond to the particle classes 
labelled EC-OC-Sul, PAH-low and PAH-high respectively. Dall’Osto et al. proposed that 
signals at m/z 189, 202, 216, and 226 were likely due to low molecular weight PAHs, 
with m/z 202 assigned to pyrene and/or fluoranthene. PAH-low particles were attributed 
to emissions from the hot and cold mills sector of the steelworks. EC-OC-Sul and PAH-
high particles were related to steel/coke-making sector, with the latter displayed signals 
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for high molecular weight PAHs, which could be associated with the presence of 
benzopyrene and/or benzofluoranthene in the particles (Dall’Osto et al., 2012). 
The distribution of low and high molecular weight hydrocarbon fragments in the OC-
PAH and PAH classes could also be considered similar to that found when the laser 
fluence is reduced from 1 mJ (typically used by ATOFMS in ambient studies) to 0.2 mJ, 
as seen during photolysis experiments of 1-nitronapthalene (Healy et al., 2012a). In these 
experiments the intensity of peaks for high molecular weight hydrcarbon fragments such 
as m/z 225 increased as laser fluence was decreased.  
K-rich 
Four K-rich particle classes were identified, accounting for 23% of total ATOFMS 
particles ionised (of which the K class was the main contributor); average mass spectra 
are shown in Figure 3.13. K particles were dominated by 39K+ in the positive mass spectra 
and produced strong signals for nitrate (46NO2
-, 62NO3
-), as well as weaker signals for 
26CN-, 12,24,36,…Cn
- fragments, 79PO3
- and sulfate (97HSO4-
-). ATOFMS K-rich particles are 
usually associated with biomass burning emissions, however the AMS did not produce a 
fresh biomass burning organic aerosol (BBOA) factor and one of the largest steelworks 
in Europe is located ~ 1 km NE of the site; this facility uses potassium chloride as an 
additive during the sintering process. The majority of particles from this process contain 
C, O, Cl and K which correspond to pure KCl particles and KCl particles associated with 
carbon and oxygen from enriched ores (Flament et al., 2008). KCl particles represent 
~40% of sintering emissions from this steelworks in Dunkirk (Hleis et al., 2013), while 
the sintering process is also the main contributor to steelworks emissions (PM10 emission 
factor ~100 g/t sinter). K-Cl particles have also been observed in the vicinity of the Port 
Talbot steelworks (Dall’Osto et al., 2008). An industrial source of the K-rich particles 
observed during NANO-INDUS is therefore considerably more likely than biomass 
burning. A strong signal for Cl would be a good marker for sintering emissions, however 
only 24% of K particles produced a negative mass spectrum and of these only 3% yielded 
35Cl- ions. Those K particles containing Cl were separated into their own class, K-Cl. It is 
likely that particle numbers for this class were a lower limit and more likely remained in 
the K class, a lack of negative mass spectra making identification and source 
apportionment difficult. K-rich particles were queried for silicate peaks (relative peak 
area 0.1-1000) and the resulting particles separated into their own cluster K-
aluminosilicate. This class is characterised by signals for 43AlO-,60AlO(OH)-/SiO2
-/CO3
-, 
76SiO3
- and 103AlSiO3
-. Nitrate (46NO2
-, 62NO3
-), phosphate (79PO3
-), chloride (35,37Cl-) and 
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oxygen (16O-) were also present in the negative mode, while 39K+, 23Na+ and 56Fe+ were 
present in the positive mode. Despite signals for aluminosilicate fragments, no aluminium 
was found in K-aluminosilicate positive mass spectra.  
Neither K, K-Cl nor K-aluminosilicate particles were found in the GMF industrial 
chimney filters or ores. However K-Al particles appear to originate from the firing 
chimney. Ambient K-Al particles produced stronger signals for 27Al+, nitrate (46NO2
-, 
62NO3
-) and sulfate (97HSO4
-) while the industrial filter K-Al particles produced stronger 
signals for 16O-, 26CN- and 12,24,36,..Cn
-. Both classes produced similar signals for 35Cl- and 
19F-. Fluoride was identified as a unique marker for firing chimney emissions.  
   
 
Figure 3.13. Average mass spectra of K-rich particles observed during NANO-
INDUS, and average mass spectra for similar particle classes produced from 
industrial filter samples. 
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Internal mixtures of 39K+, 26CN- and phosphate (63PO2
-, 79PO3
-) have been previously 
associated with primary biological particles (Sinha et al., 1984; Gieray et al., 1997; Steele 
et al., 2003; Fergenson et al., 2004; Tobias et al., 2005) or particles of biogenic origins 
(Pratt et al., 2009a; Gaston et al., 2013). However all of these components are also seen 
mixed with industrial activity markers, such as 27Al+, 56Fe+, 35Cl- and aluminosilicates in 
Figure 3.13. No particles matching the composition of biogenically derived particles seen 
in previous single particle mass spectrometry studies were found during this campaign. 
However, the poor quality of negative mass spectra obtained limited detection of markers 
indicative of biological particles (26CN-, 63PO2
-, 79PO3
-) and therefore restricted 
assignment of particles to this source. The extensive surrounding agricultural areas and 
large national park to the southwest were potential sources of such particles so their 
occurrence during the campaign is a possibility, although not confirmable by the 
ATOFMS data. 
Ca-rich 
Three Ca-rich particle classes were identified, accounting for 2% of total ATOFMS 
particles ionised (of which the Ca class was the main contributor); average mass spectra 
are shown in Figure 3.14. Both Ca and Ca-K particles appear to originate from the firing 
chimney. Ambient Ca particles were similar in composition to the Ca-aluminosilicate 
class found in the firing chimney; both are characterised by a strong signal for 40Ca+, with 
weaker signals for 23Na+ and 56CaO+. In the negative mass spectra, ambient Ca particles 
produced stronger signals for nitrate, phosphate and sulfate, while the firing chimney 
particles produced stronger signals for 16O-, 26CN-, 43AlO- and 76SiO3
-. A similar 
observation can be made for the firing chimney Ca particles relative to the ambient Ca-K 
class. In the positive mode, ambient Ca-K particles appeared to contain more sodium, 
while the chimney Ca particles contained fluoride (19F-, 59CaF+). Flament et al. (2008) 
observed that calcium salts (calcite, lime, calcium carbide) are also added in the 
steelworks sintering process, but the Ca-containing particles produced are formed from 
aggregation of Fe2O3, CaCO3 and KCl particles. These constituted 8% of the sample 
analysed from the sintering process, while Ca-rich particles accounted for ~80% of the 
particles from the firing chimney filter, although the steelworks produced 2.72 × 106 kg 
of total suspended particles in 2008 (Hleis et al., 2013) while the GMF chimneys produce 
~ 3.6 ×105 kg/y (emissions for other parts of the process are not available). Fe was also 
not a prominent component of the firing chimney Ca-rich particles. Ca-containing 
particles have been assigned to the blast furnace unit of the Port Talbot steelworks by 
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Taiwo et al. (2014), but these particles were also internally mixed with EC and OC and 
no Ca particles were found in the previous Port Talbot studies by Dall’Osto et al. (2008, 
2012). Thus, there remains a small possibility that some of the Ca-rich particles could 
have originated from the steelworks. 
The third Ca-rich class, EC-Ca, is typical of traffic emissions (Spencer et al. 2006; Shields 
et al. 2007; Toner et al. 2008; Healy et al. 2010). Dominated by Cn fragments in both 
positive and negative mass spectra, the size of these particles also falls into the range 
typical of traffic emissions detected by ATOFMS (peak da 270 nm, Table 3.3). Particles 
from vehicle exhaust similar to ambient Ca particles have been previously observed 
(Spencer et al. 2006; Shields et al. 2007; Healy et al. 2010), but without aluminosilicate 
fragments. The temporal profile and size distribution of the ambient Ca particles in this 
study were also more consistent with industrial emissions than traffic (Section 0). 
 
 
Figure 3.14. Average mass spectra of Ca-rich particle classes observed during 
NANO-INDUS, and average mass spectra for similar particle classes produced 
from industrial filter samples. 
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Fe-rich 
Four Fe-rich particle classes were identified, together accounting for 5% of total 
ATOFMS particles ionised (of which the Fe and K-Fe-Na classes were the main 
contributors); average mass spectra are shown in Figure 3.15.  
  
 
 
Figure 3.15. Average mass spectra of Fe-rich particles observed during NANO-
INDUS, and average mass spectra for similar particle classes produced from 
industrial filter samples. 
 
Fe particles are distinguished by the dominance of 56Fe+ in the positive mode and nitrate 
(46NO2
-,62NO3
-) in the negative mode. 16O-, 35Cl-, 79PO3
-, 88FeO2
- and 97HSO4
- were also 
present. K-Fe-Na particles produced signals (in relatively equal proportions) for 56Fe+, 
39K+ and 23Na+ in the positive mass spectra and for 46NO2
-, 62NO3
-, 16O-, 26CN-, 35Cl-, 
79PO3
-, 88FeO2
-, 97HSO4
-, as well as EC (both positive and negative 12,24,36,..Cn fragments). 
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Fe-EC particles were also dominated by 56Fe+ but also produced stronger signals for 
12,24,36,..Cn relative to K-Fe-Na particles.  
Fe-K-Ca particles found during the sampling campaign were similar to Fe-Ca-K particles 
found in all three chimney filter samples. Fe-K-Ca particles are characterised by a 
dominant signal for 56Fe+, followed by 39K+, 40Ca+, 23Na+ and 27Al+; Fe-Ca-K particles 
differ in the relative intensities of 39K+ and 40Ca+. As is the case for the other ambient 
particle classes with matches in the chimney filters or ores, ambient Fe-K-Ca particles 
were dominated by nitrate in their negative mass spectra, while the chimney filter 
particles produced stronger signals for 16O- and aluminosilicates.   
While a match between ambient and GMF emissions was found for Fe-containing 
particles it should be noted again that the steelworks is the single biggest source of 
particulate Fe in Dunkirk.  A study of the steelworks emissions showed that the majority 
of particles consisted of either Fe2O3, CaCO3, KCl or as graphite flakes (Flament et al., 
2008). Fe-rich particles similar to the Fe-K-Ca class (named FeP) were detected in the 
vicinity of the Port Talbot steelworks (Dall’Osto et al., 2008), where they accounted for 
2.5% of all particles ionised and were associated with the use of phosphate-containing 
corrosion inhibitors in the  hot and cold mills of the facility. There are no unique markers 
to distinguish steelworks Fe and Ca-containing particles from those emitted by GMF, and 
given that the Fe-K-Ca class only contributed a small fraction of particles from each 
chimney filter sample it seems likely that the majority of Fe-K-Ca particles originated 
from the steelworks. 
Particles similar to those in the K-Fe-Na class were also found in the vicinity of the Port 
Talbot steelworks (Dall’Osto et al., 2008), where they accounted for 0.8% of all particles 
ionised and were associated with the iron and steel-making processes. K-Fe-Na particles 
accounted for more of the NANO-INDUS ATOFMS dataset, at 3%, likely a reflection of 
meteorological conditions. No particles similar to the Fe class were found near the 
steelworks; Fe was always mixed with other inorganic or metallic elements.  
Mn-rich 
Four Mn-rich particle classes were identified, together accounting for 1% of total 
ATOFMS particles ionised (of which the K-Mn class is the main contributor); average 
mass spectra are shown in Figure 3.16. All four classes are characterised by the presence 
of 55Mn+, while 39K+ was found in Al-K-Mn, K-Mn and Mn-K-Fe particles and 56Fe+ was 
found in the Al-K-Mn and Mn-K-Fe classes. The strongest signal for 27Al+ was seen in Al-
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K-Mn particles. Three of the four ambient Mn-rich classes clearly originate from the 
ferromanganese alloy facility.  
 
Figure 3.16. Average mass spectra of Mn-rich particles observed during NANO-
INDUS, and average mass spectra for similar particle classes produced from 
industrial filter and ore samples. 
Ambient K-Mn particles could have originated from either the cooling or smelting 
chimneys or the ores. Analysis of the cooling and smelting chimneys produced two K-Mn 
classes, with different intensities for 39K+ and 55Mn+. The signal intensities for these ions 
was considered too variable in the ambient data to merit separate particle classes, so only 
a single class is shown here. The core composition of the two classes is very similar, with 
some difference in signal intensities and the addition of nitrate and sulfate in the ambient 
particles. Chimney and ore samples produced stronger signals for 43AlO-, 60AlO(OH), 
79PO3
-, 87AlCO3
- and 103AlSiO3
-. While the smelting chimney sample was dominated by 
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K-Mn (or Mn-K) particles, it is likely that most of these particles come from the cooling 
chimney, as its particulate emissions are considerably higher than for the smelting 
chimney. Particles dominated by 39K+ and 55Mn+ have been observed in the vicinity of 
the Port Talbot steelworks by Taiwo et al. (2014), where their wind dependence indicated 
a diffuse local low-level source, but a more precise origin was not identified.  
Ambient Al-K-Mn particles are similar to those found in the cooling chimney and samples 
of the three ores. Stronger signals for 23Na+ and 39K+ were found in the ambient particles, 
while the chimney and ore particles produced a stronger signal for 55Mn+. In the negative 
mode, ambient Al-K-Mn particles appear to contain more nitrate and chloride, while the 
chimney and ores samples produced stronger signals for aluminium oxides 43AlO- and 
60AlO(OH) (or SiO2
-/CO3
-) and oxygen. Ambient Al-K-Mn particles contained fluoride 
(19F-), which was only found in the firing chimney samples.  
Ambient Mn-K-Fe particles are similar to Mn-K-Al particles which were unique to the ore 
samples.  Mn-K-Fe are dominated by 55Mn+ and also produce a strong signal for 56Fe+. 
Ambient Mn-K-Fe particles show a larger peak for sodium, while ore sample particles 
appear to contain more Al. Variability in ATOFMS signal intensity may account for this 
difference as the ambient particles are unlikely to have undergone much processing 
beyond resuspension (certainly no exposure to high temperatures as for the chimney 
particles).  
Despite being dominated by 55Mn+, Mn particles did not match any found in the industrial 
filter or ore samples. It is possible that matrix effects suppressed the signals of K, Na, Al 
or Fe (though unlikely as K and Na in particular are usually the suppressors) but the 
temporal profile, discussed later, was very different to the other three Mn classes. A 
second source of Mn may thus have influenced the site. Manganese is essential to 
photosynthesis (Gavalas & Clark, 1971; Johnson et al., 2013), and while particles with 
biological origins have been identified by single particle mass spectrometry none of these 
appeared to contain manganese. Manganese has to date been identified by this technique 
as a component of soil (Silva et al., 2000) or industrial emissions (Snyder et al., 2009; 
Taiwo et al., 2014b; Zhai et al., 2015). Markers for biological particles include internally 
mixed 39K+, 26CN- and 79PO3
-; due to the poor quality of the negative mass spectra 
obtained during this campaign detection of these markers was limited and the presence of 
biological particles could not be confidently confirmed. However, their occurrence during 
the campaign remains a possibility, given the surrounding agricultural areas and large 
national park to the southwest.  
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V-rich 
Two V-rich particle classes were identified, together accounting for 1% of total ATOFMS 
particles ionised (of which the V-Fe class was the main contributor); average mass spectra 
are shown in Figure 3.17. 51V+, 67VO+, 56Fe+, 58Ni+ and sulfate (97HSO4
-) are typical 
markers for particles emitted by ships or oil refineries (Ault et al., 2009; Healy et al., 
2009) and are present in both V-rich classes. Both classes are dominated by sulfate in the 
negative mass spectra, while V-Fe particles also produced strong signals for nitrate. Weak 
signals for Cn are evident in both negative and positive mass spectra. Na-V particles are 
distinctive for the dominant 23Na+ signal.  
 
Figure 3.17. Average mass spectra for V-rich particles observed during NANO-INDUS. 
The ratio of V to Ni in residual fuel oil is ~2.5 (Murphy et al., 2009), however only small 
signals for Ni have been seen in shipping/oil combustion single particles (Ault et al., 
2009; Healy et al., 2009) indicating low sensitivity of the ATOFMS for this species. 
Internally mixed sodium, potassium, calcium, vanadium, nickel and iron particles have 
also been observed in ship exhaust particles using off-line TEM-EDS and two-step laser 
mass spectrometry  (Moldanová et al., 2009). 
Others 
Pb and Li-Zn particles accounted for 1% and 0.1% of total ATOFMS particle ionised and 
based on SEM-EDX analysis of the chimney filter samples, which showed that ~33% and 
3% of particles contained Zn and Pb respectively, these two particle classes could 
originate from the smelting chimney. However, the ATOFMS only detected Pb in the 
firing chimney samples. Average mass spectra for these classes are shown in Figure 3.18.  
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Figure 3.18. Average mass spectra of K-Pb, Li-Zn and Sulfur particles observed during NANO-
INDUS. 
Ambient Pb particles are characterised by 39K+, 23Na+, 208Pb+, 35Cl- and nitrate. Pb-
containing particles similar to the Pb class found during NANO-INDUS were observed 
in the vicinity of the Port Talbot steelworks, where they accounted for 0.6% of all particles 
ionised and were associated with the hot and cold mills (Dall’Osto et al., 2008). Those 
Pb-containing particles were also found mixed with KCl, which was the case for ~9% of 
NANO-INDUS Pb particles. A very small proportion of firing chimney filter particles 
contained Pb (0.8%); the same particles also contained Mn and Ca, thus it is likely that 
most of the ambient Pb particles originated from the steelworks. 
Li-Zn particles contain 7Li+, 64,66,68Zn+, 56Fe+, potassium, sodium, nitrate, phosphate and 
some EC. Particles containing lithium have been previously associated with coal 
combustion (Guazzotti et al., 2003; Furutani et al., 2011), but these contained more EC. 
Zn particles were also associated with the Port Talbot steelworks, but these particles did 
not contain Li. No Zn particles were found in single particle mass spectra of the chimney 
filter or ore samples, despite SEM-EDX analysis confirming its presence.  
Sulfur particles are characterised by peaks for positive and negative elemental sulfur ions, 
32S and 64S2, as well as weaker signals for 
39K+ and positive and negative EC ion 
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fragments. Nitrate (46NO2
-, 62NO3
-) dominates the negative mass spectrum, with smaller 
signals for sulfate (97HSO4
-), organic nitrogen (26CN-), chloride (35Cl-) and oxygen (16O-) 
also present. Similar particles were found associated with either a slag granulation or an 
open-pit slag process carried out at the Port Talbot steelworks by Dall’Osto et al. (2012). 
Elemental sulfur-containing particles have also been detected in several marine 
environments (Gaston et al., 2015), where they were seen as indicators of reduced sulfur 
compounds, such as hydrogen sulfide, products of the biogenic marine sulfur cycle which 
also produces DMS. However these particles also contained inorganic (23Na+, 24Mg+, 
39K+, 40Ca+) and organic markers (27C2H3
+, 43C2H3O
+), most of which were not present in 
the Sulfur particles. Another unique feature of the majority of the marine sulfur particles 
was a lack of negative ion spectra, indicating the presence of particle-phase water which 
suppresses negative ion formation. Only 1% of Sulfur particles produced negative mass 
spectra and while the negative ion detector was likely responsible for most of this issue it 
is not unusual to observe negative ion suppression in ambient single particle 
measurements.  
Two amine-containing particle classes were identified; K-Amines, characterised by 39,41K+ 
and indicative of biomass burning or possibly industrial emissions given the detection of 
K-Cl particles, and EC-Amines, characterised by 12,36Cn
+ fragments and indicative of fossil 
fuel combustion sources. Both classes produced marker ions for trimethylamine (TMA, 
59(CH3)3N
+,), protonated dimethylamine (DMA, 46(CH3)2NH2
+), and 
86C3H7NHC2H4
+/(C2H5)2NCH2
+, associated with triethylamine (TEA) and dipropylamine 
(DPA) or an adduct ion in diethylamine (DEA).  
 
 
Figure 3.19. Average mass spectra for Amines particle classes observed during 
NANO-INDUS. 
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TMA was the most abundant alkylamine marker ion, while DMA has been unidentified 
in other ATOFMS datasets to the best of this author’s knowledge. A comparison of 
ATOFMS datasets obtained in Cork, Paris, Zurich, and those obtained for NANO-INDUS 
and ADRIMED/SAF-MED found this ion only in the latter two datasets (Healy et al., 
2014).  
This study queried several European ATOFMS datasets for alkylamines, including those 
mentioned above. For Dunkirk, four types of amine-containing particles were identified 
which contributed 1.3% to total ATOFMS particles ionised, considerably more than the 
two amine-containing classes identified here from the general clustering approach. As 
well as TMA, DMA and DEA/TEA and DPA, other characteristic ions for TEA (m/z 101), 
DPA (m/z 102), DPA and tripropylamine (TPA) (m/z 114) and a photo-oxidation product 
of TEA (m/z 118) were observed. Close inspection of the mass spectra in these clusters 
revealed many to be of poor quality, where the afore-mentioned ions were the only peak 
in the mass spectrum. This was also observed for almost every m/z from 100-300, and 
most of these spectra were grouped into the “poor positive spectra” particle class. The 
only particles with mass spectra of sufficient quality to allow confident identification of 
alkylamines resulted in the K-Amines and EC-Amines classes.   
Sulfate (97HSO4
-), nitrate (46NO2
-, 62NO3
-), phosphate (79PO3
-), fluoride (19F-), chloride 
(35Cl-), aluminium oxide (43AlO-) and aluminosilicate (103AlSiO3
-) ions were found in the 
negative mass spectra of K-Amines and nitrate and EC fragments in EC-Amines, however 
only 6% and 10% of these particles actually produced negative mass spectra. The average 
negative mass spectra should therefore not be considered representative of all particles in 
these classes.  
3.3.4 PARTICLE SOURCES  
Figure 3.20 shows the temporal trends for the general ATOFMS particle categories 
observed during the campaign. Sea salt particles dominated (23% of total particles with 
mass spectra), followed by K-rich and EC particles (22% each). Sea salt particles 
contributed more to particle number during certain periods than K-rich or EC, suggesting 
influence from marine air masses. Particles with poor positive spectra (16%), and 
therefore no markers for source identification, have been included in this analysis as their 
temporal profile is distinctive and coincides with that of other particle classes (e.g. 
amines) at certain times. Most Fe-rich (5%), OC and PAH particles (2%), Ca-rich (2%), 
Mn-rich (1%) and Pb (1%) particles were observed between 25-27th May and on 2nd June, 
and are associated with specific industrial sources. K-rich, EC and poor positive spectra 
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particles also peaked noticeably on the 25th, 26th and 27th May, also suggesting some 
industrial sources. However at other times their temporal profile is more indicative of 
transported particles. V-rich (1%) and Zn, Sulfur and Amines (0.4% combined) particles 
are discussed in further sections. Wind speed appeared to have an effect on ATOFMS 
particle numbers, with the period of highest wind speed (8-10th June) associated with 
lowest particle numbers. North-easterly winds were strongly associated with industrial 
emissions (ferromanganese facility and steelworks), while the longest period of north-
westerly winds (21-23rd May) coincided with a prolonged increase in EC particle 
numbers.  
 
Figure 3.20. Time series (stacked) of hourly unscaled particle numbers for ATOFMS particle 
categories and wind speed coloured with wind direction during NANO-INDUS.  
Hourly size distributions for all ATOFMS particles with mass spectra are shown in Figure 
3.21. Highest particle numbers were found between 300-500 nm on 19th, 22nd, 25th, 26th 
and 27th May. The latter three days and the 2nd June were identified as periods most likely 
to transport ferromanganese facility and steelworks emissions to the site; most ATOFMS 
particles were less than 1 μm in diameter on these days. A bimodal distribution is apparent 
on several days and is a result of an external mixture of sea salt and urban/industrial 
emissions. Days where mostly submicron particles were observed coincide with days 
where sea salt was detected, as well as a small fraction of large industrial particles. 
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Figure 3.21. Hourly size distribution for all ATOFMS particles observed during NANO-INDUS. 
Size distributions for the ATOFMS particle categories can be found in Figure 3.22. The 
majority of ATOFMS particles were found in the 400-900 nm size range, consistent with 
the transmission efficiency of the aerodynamic focusing lens. Sea salt particles were 
noticeably larger, with most found in the supermicron range. Most of the metal-rich 
industrial particles were also found in the 400-900 nm range.  
 
Figure 3.22. Size distributions (stacked) of ATOFMS particle categories observed during NANO-
INDUS. 
Figure 3.23 shows hourly mass concentrations for PM2.5, AMS species, BC and total 
ATOFMS particles (AMS and aethalometer data was analysed by Ari Setyan, ULCO-
LPCA). Inorganic species accounted for ~2/3 of the total submicron mass detected by the 
AMS, while the organic fraction accounted for the remaining ~1/3. Sulfate (SO4), nitrate 
(NO3), ammonium (NH4) and organics account for most of the PM2.5 mass as measured 
by the beta gauge. During NE wind periods, the contribution of nitrate increased, while 
that of sulfate decreased. BC and non-refractory chloride (Cl) concentrations also 
increased during these periods (up to ~5 μg/m3 each).  
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ATOFMS total mass concentrations were in good agreement with PM2.5 (R
2=0.6) and 
total AMS (R2=0.7) mass concentrations for most of sampling period. Organics and NH4 
in particular correlated well with ATOFMS mass; R2 of 0.67 and 0.61 respectively.  
 
Figure 3.23. Time series for hourly mass concentrations for PM2.5, AMS species, BC and 
ATOFMS during NANO-INDUS. 
Figure 3.24 shows hourly reconstructed ATOFMS mass concentrations for the particle 
categories. Most of the ATOFMS mass was accounted for by K-rich (24%) and EC (23%) 
particles. Na-rich classes contributed 10% of ATOFMS mass, Fe-rich 10%, Ca-rich 4%, 
V-rich 4%, Mn-rich 3%, OC and PAH 3%, Pb-rich 3% and Zn, Sulfur and Amines 
combined 0.4%. K+ is readily ionised by the ATOFMS desorption/ionisation laser so its 
prevalence in these particles is not representative of its mass concentration. Considering 
the AMS data it is likely that these particles are composed of more organics, SO4, NO3 
and NH4 than the ATOFMS mass spectra indicated. While the AMS provides quantitative 
composition of the particles, the ATOFMS yields marker ions that can be used for source 
identification.  
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Figure 3.24. Time series for hourly reconstructed ATOFMS mass concentrations for the particle 
categories during NANO-INDUS. 
Figure 3.25 shows the comparison of ATOFMS mass concentrations with PM1, PM2.5 and 
PM10 mass obtained from the 13-stage impactor (impactor data was analysed by Saliou 
Mbengue and Laurent Alleman, ULCO-LPCA). ATOFMS mass concentrations 
correlated strongly with all impactor fractions (R2 = 0.81, 0.82 and 0.84 for PM1, PM2.5 
and PM10 respectively). ATOFMS mass was consistently less than that of the PM2.5 -
fraction, and frequently less than that of PM1. Removal of periods without data when 
calculating the average for ATOFMS and AMS mass concentrations, as well as being 
unable to calculate that average for precisely the same sampling period as the impactor 
may account for the difference in concentrations.  
 
Figure 3.25. Comparison of average mass concentrations for PM10, PM2.5, PM1, ATOFMS, AMS, 
BC and metals during NANO-INDUS. 
Elemental composition of the PM2.5 fraction, determined by ICP-MS (analysed by Saliou 
Mbengue and Laurent Alleman, ULCO-LPCA)., can be found in Figure 3.26. Fe, Mn, 
Ca, Al, K, Na, Mg and Zn account for most of the elemental mass in this fraction (97%). 
Their mass concentrations (also Pb, Cu, Ti, Ba, Rb, and Sr) increased significantly 
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between 25-27th May and 1-3rd June, the periods with largest metallurgical industry 
influence.  
 
Figure 3.26. Mass concentrations of metals in PM2.5 analysed by ICP-MS during NANO-INDUS. 
Marine 
Time series of particle numbers for classes from marine emissions (Sea salt, Na-Mg, Na-
EC) are shown in Figure 3.27. Maximum Sea salt particle numbers were observed during 
a period of air masses from the North Atlantic (15-18th May).  Numbers for this class 
generally increased when K-rich or EC particle numbers decreased and vice versa; this 
was particularly apparent when compared with the EC-K class which increased noticeably 
in number from 1-4th June (Figure 3.30).  
 
Figure 3.27. Time series of hourly unscaled particle numbers for marine ATOFMS particle classes 
during NANO-INDUS. 
Na-Mg particles, although much less in number than Sea salt particles, appeared to 
increase during lows in Sea salt numbers (16th May, 8-10th June). This was also the only 
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particle class whose numbers noticeably increased during the period of highest wind 
speed (8-10th June). Wind speed and direction dependences for the Na-rich classes are 
shown in Figure 3.28. Na-Mg particles exhibit a clear dependence on south-westerly 
winds with speeds of 10-14 m/s. Highest numbers for Sea salt particles were found at low 
wind speeds (< 2 m/s), with lower numbers also seen from the north and north west (direct 
marine source) and the south and east (mixing of marine air masses with those influenced 
by local anthropogenic emissions). Numbers for Na-EC particles were low, but a strong 
north-westerly dependence was found, with a weaker dependence on the south-east sector 
(urban). 
Na-EC particles were few and generally tracked the temporal profile of sea salt particles. 
Their wind dependence also coincides with the moderate (4-6 m/s) north-westerly and 
south-easterly wind dependence of Sea salt particles. This suggests two different sources, 
which their size distribution supports (Appendix II, Figure 8.11).  
 
Figure 3.28. Wind speed and direction dependences of mean particle numbers for marine 
ATOFMS particle classes during NANO-INDUS. 
Particle size for Na-EC particles varied considerably throughout the campaign, with the 
smallest particles seen around 150 nm on 5th June, while a few hours later an accumulation 
of supermicron particles was detected. Previous studies have associated Na-EC particles 
with incineration emissions (Moffet et al., 2008b) or identified them internally mixed sea 
salt and EC (Holecek et al., 2007); both a combustion and processed marine source seem 
possible given the distribution here. A typical size distribution for sea salt particles 
analysed by ATOFMS was found (Figure 8.9), with a peak aerodynamic diameter of 1.5 
µm, while Na-Mg particles were larger with a peak aerodynamic diameter of 2 µm. Some 
Mg-containing particles were found by both ATOFMS and SEM-EDX in the industrial 
filters and the ores. However, the fraction of particles analysed by ATOFMS which 
contained Mg was small and they also contained Ca and Al, which the ambient Na-Mg 
particles did not. An industrial source could have been possible though on the 5th June, 
Sea salt Na-EC Na-Mg 
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where a concentration of Na-Mg particles around 300 nm was seen. Mg-rich particles of 
marine biological origins similar to Na-Mg particles were found to peak around 1.6 µm 
(Dall’Osto et al., 2005) and less than 500 nm (Gaston et al., 2011). They were also found 
to contribute to 60% of submicron ATOFMS particle number during the “clean” periods 
when they were detected (Dall’Osto et al., 2005). Na-Mg particles made no such 
contribution to particle number at any point in the campaign, indicating that at least for 
this sampling period marine biological emissions did not heavily impact the site. The 
enhancement of Mg-rich particles in smaller sizes depends on conditions that affect the 
formation of this class such as wind speed (Gaston et al. 2011).  
Mass concentrations for Na-Mg particles were compared with those for Mg in the PM2.5 
fraction analysed by ICP-MS (from 48 hour filters, ATOFMS data binned and averaged 
to best match the sampling times), shown in Figure 3.29. Mass concentrations for 
ATOFMS Na-Mg particles were consistently lower than the average Mg mass in PM2.5, 
indicating that either the density used for mass conversion was too low or that Na-Mg 
particles were under-detected. The latter seems more likely as the ATOFMS transmission 
efficiency for supermicron particles is significantly poorer than for 500-700 nm particles, 
and from the observed size distribution of this particle class, it is clear that they were at 
the edge of the ATOFMS size range.  
 
Figure 3.29. Time series of average mass concentrations for PM2.5 Mg and Na (ICP-MS) and 
ATOFMS Na-rich particles during NANO-INDUS.  
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Correlation between Mg and ATOFMS Na-Mg particles is poor (R2 = 0.25), but a stronger 
correlation was found between ATOFMS Na-Mg particles and PM2.5 Na (R
2 = 0.7) 
measured by ICP-MS. PM2.5 Na and Mg also correlate moderately (R
2 = 0.55). It is 
possible that Na-Mg particles detected by ATOFMS contain more Na and less Mg in 
terms of mass than the signal intensities indicate. Average mass concentrations for the 
Sea salt and Na-EC classes were also compared with PM2.5 Na concentrations. 
Correlations were poor, with R2 of 0.11 and 0.17 for Sea salt and Na-EC compared to Na 
concentrations. The correlation did not improve when Na concentrations were compared 
with ATOFMS Na-rich particles. Given this observation, and that 17% of sea salt particles 
produced negative ion signals for nitrate (this was likely a minimum and that there was 
more that was not detected), it seems likely that Na was a smaller component by mass of 
sea salt particles detected by ATOFMS than the ion signal intensities suggested. 
Transported/Urban 
Time series of particle numbers for classes (K, EC-K, EC-K-amm-nit, EC-amm-nit, EC-
Ca) attributed to urban emissions is shown in Figure 3.30. These classes did not display 
any clear peaks during the 3-day event. K is usually a marker for biomass burning, 
however the steelworks neighbouring the sampling site is known to produce significant 
amounts of KCl particles (Hleis et al., 2013). K-Cl particles were identified in the 
ATOFMS dataset but this relied on negative ions (35Cl-) which were not generated for 
every particle due to the negative ion detector issue. It is therefore likely that more of the 
K class should be apportioned to an industrial source. 
 
Figure 3.30. Time series of hourly unscaled particle numbers (stacked) for transported/urban 
ATOFMS particle classes during NANO-INDUS. 
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The K class displayed a diffuse wind direction dependence (Figure 3.31); highest numbers 
were seen from the north-west with 8-12 m/s winds, with only slightly fewer numbers 
detected from the north-east.  
 
Figure 3.31. Wind speed and direction dependences of mean particle numbers for major 
transported/urban ATOFMS particle classes during NANO-INDUS. 
In terms of size (Appendix II, Figure 8.10), highest particle numbers were found in the 
range 300-600 nm. The largest K particles were between 1-2.5 µm and observed during 
brief periods (a few hours on 22nd, 23rd and 25th May), but only accounted for a small 
fraction of all K particles. K particles in the range 300-600 nm probably originated from 
biomass burning, as particles with clear industrial sources (discussed in the next section) 
were slightly larger. However fresh local emissions were thought to be negligible in 
Dunkirk at this time of year and no biomass burning organic aerosol (BBOA) factor was 
resolved by the AMS.  
Transport of regional aged biomass emissions then seems a more likely source of some 
of the K particles observed. Aged or oxidised OC is typically resolved as OOA (oxidised 
organic aerosol), SV-OOA (semi-volatile OOA) or LV-OOA (low volatility OOA). Aged 
biomass burning emissions would be likely to produce one of these factors. Mass 
concentrations for the K class, as well as the EC class, are compared with those of the 
AMS OOA-II factor in Figure 3.32. A strong correlation between the K class and the 
OOA-II factor (R2 = 0.69), as well as a moderate correlation with AMS NH4 (R
2 = 0.53) 
supports this conclusion. The EC class correlates moderately with both OOA-I (R2 = 0.48) 
and OOA-II (R2 = 0.48) factors, and strongly with all organics measured by the AMS (R2 
= 0.67), suggesting multiple sources of OA contributed to the ATOFMS EC particle class.  
It is evident from Figure 3.32 that organics were a major component of K and EC particles, 
and that the EC ions functioned more as source markers than providing information on 
mass composition; correlation between EC particles and BC was poor (R2 =0.22). 
Correlations were poorer when AMS organics mass concentrations were compared with 
EC-K K EC-Ca 
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those for all EC classes combined (R2 = 0.47) but stronger correlations were found with 
the combined EC classes and AMS NO3 (R
2 = 0.63) and NH4 (R
2 = 0.72), indicating 
distribution of these species across all ATOFMS EC particles, as well as some 
atmospheric processing.  
 
Figure 3.32. Time series of hourly mass concentrations for the AMS OOA-II factor and ATOFMS 
K and EC particle classes (stacked to compare possible mass contribution of OC). 
Average PM2.5 K mass concentrations, as analysed by ICP-MS, peaked during the 3-day 
event (Figure 3.33), indicating industrial sources. Average mass concentrations for the K-
rich particles were in good agreement with those for PM2.5 K, with R
2 of 0.64, 0.7 and 
0.69 for K, Na-K and K-Al particles respectively. From Figure 3.32 it is apparent that 
ATOFMS K particles contain an aged OA component, probably associated with biomass 
burning. The average mass concentration for ATOFMS K particles is a factor of ~9 larger 
than that of PM2.5, so while the strong correlation suggests an industrial contribution, the 
difference in mass concentrations supports a larger contribution to mass from a 
component such as OA.  
 
Figure 3.33. Time series of average mass concentrations for PM2.5 K (ICP-MS) and ATOFMS K-
rich particles during NANO-INDUS.  
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For Na-K particles a stronger correlation with PM2.5 K rather than Na (R
2
 = 0.5) suggests 
that, despite relatively similar signal intensities for the two ions in the mass spectra, K is 
a more significant component of these particles than Na. Also the correlation between 
PM2.5 K and Na indicates that they have similar industrial sources, so any poor correlation 
between ATOFMS particles and these species should not be a result of different sources 
(marine versus industrial) but rather a function of composition. 
Temporal profiles for EC particles which produced signals for 30NO+ (indicative of 
ammonium nitrate) were noticeably different to that of EC-K particles. Profiles for EC-
amm-nit and EC-K-amm-nit are similar to that of the EC class, with particle numbers 
accumulating from 19-23rd May, a period characterised by local 8-10 m/s north-westerly 
winds class (Figure 3.35) and influenced by relatively slow moving air masses over 
northern France and the English Channel. No clear peaks were seen during the 3-day 
industrial event, possibly indicating more ammonium nitrate had partitioned to particles 
regionally transported during periods of north-westerly winds. EC-amm-nit and EC-K-
amm-nit particles virtually disappeared after the 1st June, at which point EC-K particles 
dominated. Wind dependences for EC-amm-nit and EC-K-amm-nit particles were 
identical to those for the EC class (Figure 3.35), but in contrast EC-K particles depended 
strongly on south-easterly winds (ranging from 2-8 m/s) (Figure 3.31), indicating urban 
emission sources. EC-amm-nit, EC-K-amm-nit and EC-K particles were found in similar 
size ranges to EC particles, with a peak diameter of 740 nm, indicative of aged particles.  
Particles attributed to traffic emissions, EC-Ca, only constituted a small fraction of the 
ATOFMS dataset (0.2% of total numbers, 1% of total mass). This is partly due to the 
lower transmission efficiency for particles less than 200 nm in diameter, the range where 
most traffic particles are detected. However, traffic particles contributed ~50% of the 
mass between 150-300 nm, as analysed by the same ATOFMS in Paris (Healy et al., 
2012b), so significant quantities of traffic particles can be detected by this instrument. 
The EC-Ca particle size distribution was typical of that for traffic emissions detected by 
ATOFMS, with most particles in the range 100-300 nm and a peak aerodynamic diameter 
of 270 nm (Figure 8.9). No diurnal variation in particle number typical of local traffic 
emissions was seen and the highest number of particles was found with northerly winds 
of moderate speeds (4-6 m/s) (Figure 3.31), suggesting the sampling site was mostly 
influenced by very local industrial vehicular traffic. The wind rose also shows a weaker 
contribution from the urban sector (south-east), so urban traffic made a small contribution 
at the site. 
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Transported/Local Industrial 
Time series of particle numbers for classes (EC, Poor positive spectra, K-Amines, EC-
Amines, Na-K) with a mixture of urban and industrial sources are shown in Figure 3.34. 
Possible industrial sources for these classes were likely based on the distinctive peak in 
particle number on the 25th, 26th and 27th May, previously identified as the period most 
strongly influenced by industrial emissions (followed by the 2nd June). The EC class was 
the only one dominated by EC which displayed an industrial influence, and the lack of 
potassium indicates a fossil fuel combustion origin. Graphite flakes were observed in 
emissions from the steelworks (Flament et al., 2008) and given the detection of EC 
particles during the industrially influenced period it is possible that this facility 
contributed to their emission. Particle numbers also accumulated from 19-23rd May, a 
period characterised by local 8-10 m/s north-westerly winds and influenced by relatively 
slow moving air masses over northern France and the English Channel. Transported 
regional aerosol therefore seems likely; this extended peak in EC numbers coincides with 
a peak in V-Fe particles, indicative of heavy fuel oil combustion from shipping or 
refineries. The wind dependence for EC particles, as shown in Figure 3.35, confirms the 
strong north-westerly sector influence, as well as the weaker north-easterly one. The size 
distribution (Appendix II, Figure 8.12) shows EC particles were relatively large, ranging 
from 300-1000 nm, with peak particle numbers around 700 nm. This further supports 
attribution of this particle class to transported aged aerosol. Lower numbers of 
supermicron EC particles were detected during the 3 day event, in an almost separate 
mode to the particles between 300-700 nm.  
16% of all ATOFMS particles ionised produced poor quality positive mass spectra. These 
are usually excluded from data analysis, as no source markers can be identified. However, 
their temporal profile is very similar to that of EC-Amines and K-Amines (Figure 3.34), 
as well as coinciding with EC and K particles on 19th, 22nd and 23rd May, periods 
influenced by north-westerly wind. It is therefore likely that these particles represent more 
EC-Amines, K-Amines, EC and K particles, but without good mass spectra it is impossible 
to tell how many. Amines and particles with poor positive spectra were also present 
during the 3-day industrial event, suggesting they have industrial sources in common with 
EC, K and various metal-rich particles. Amines displayed a similar wind dependence to 
that of particles with poor positive spectra, with a strong influence from the north-east 
industrial sector and a weaker north-westerly influence as previously stated. The majority 
of particles with poor positive spectra were found in the 300-500 nm size range (Appendix 
II, Figure 8.11), with low numbers in the 1.3-2.5 µm range during short periods (22nd, 
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23rd, 25th, 27th May). Size distributions for EC-Amines and K-Amines have not been 
shown as they are virtually identical to that of poor positive spectra particles. 
 
Figure 3.34. Time series of hourly unscaled particle numbers (stacked) for industrial and urban 
ATOFMS particle classes during NANO-INDUS. 
Na-K particles were also present during the 3-day industrial event, but with less clearly 
defined peaks in particle number (Figure 3.34). Highest numbers were seen during 
periods of westerly winds (5-12th June), with lower numbers detected with north-easterly 
wind (3-day industrial event), as shown in Figure 3.35. Based on their composition these 
particles could have both marine and industrial sources.  
  
Figure 3.35. Wind speed and direction dependences of mean particle numbers for 
transported/local industrial ATOFMS particle classes during NANO-INDUS.  
Their size distribution (Appendix II, Figure 8.11) indicates emissions from both. During 
the 3-day industrial event, particles ranged from 500-1000 nm in size, with numbers 
peaking around 700 nm. From 5-12th June, particles were clearly larger, ranging from 1-
2.5 µm. Another much smaller mode was seen on the 5th June, at the same time as Na-EC 
particles, between 100-350 nm. While the composition of these classes is often indicative 
of marine emissions, their size suggests high temperature combustion sources.  
EC 
Poor positive 
spectra Na-K 
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Transported Industrial 
Time series of particle numbers for classes (Fe, Sulfur, Mn, Fe-EC, V-Fe, Na-V) with 
industrial sources that do not peak during the 3-day industrial event are shown in Figure 
3.36. The composition of these particles indicates industrial or non-urban origins, but 
their number did not peak during either of the two periods strongly influenced by 
industrial emissions. A large concentration of Fe particles was seen on the 17th May; the 
steelworks is the largest emitter of Fe in Dunkirk, however considering that Fe particles 
did not peak during periods where emissions from this facility were impacting the site a 
second source of Fe during this short period is more likely. A study of the Port Talbot 
steelworks (Dall’Osto et al., 2008) did not find any particles similar in composition to the 
Fe class, supporting the idea that another source was responsible for emitting these 
particles. However, it is surprising that with such a large Fe emitter close to the site, 30% 
of Fe-rich particles (represented by the Fe class) were not accounted for by this source. 
Other than this large peak, the temporal profile for the Fe class is very similar to that of 
Mn, Fe-EC and V-Fe, particularly from 19-23rd May.  
 
Figure 3.36. Hourly unscaled particle numbers (stacked) for transported industrial ATOFMS 
particle classes during NANO-INDUS. 
As previously mentioned, EC particles accumulated during this period, and the north-
westerly wind dependence observed for that class was also evident for Fe, Mn, Fe-EC 
and V-Fe particles (Figure 3.39). Transport of these particles from over northern France 
and the English Channel seems the most likely source. Long-range transport of submicron 
Fe-rich particles internally mixed with sodium, nitrate, sulfate and EC was recently found 
in London (Harrison et al., 2012). The V-Fe class should also have local marine traffic 
sources, as the site was only a few hundred metres from a berth which saw occasional 
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use; a large ship docked there for several hours on the 24th May, which appears to be 
represented by a peak in V-Fe numbers during this time.  
 
Figure 3.37. Wind speed and direction dependences of mean particle numbers for transported 
industrial ATOFMS particle classes during NANO-INDUS. 
Most of the V-Fe, Fe, Mn, Fe-EC and Na-V particles were found in the range 400-900 nm 
during the transport event (19th-23rd May) (Appendix II, Figure 8.10), and were noticeably 
smaller for the rest of the campaign (400-700 nm), possibly indicative of fresher local 
emissions.  
Very few sulfur particles were detected by the ATOFMS and only during one short period 
on 15th May. A sulfur class, with both positive and negative ions indicative of sulfur, was 
detected in the vicinity of the Port Talbot steelworks by Dall’Osto et al. (2012), but only 
a brief period of a few hours (over the course of a two week campaign) and was assigned 
to either a slag granulation or open-pit slag process. Given the seemingly infrequent 
nature of these emissions, it seems likely that meteorological conditions limited the 
detection of more sulfur particles from the steelworks during the NANO-INDUS 
campaign.  
  
Fe Mn Fe-EC 
V-Fe Na-V 
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Local Industrial 
Time series of particle numbers for classes with industrial sources (K-Fe-Na, Fe-K-Ca, 
K-Mn, Al-K-Mn, Mn-K-Fe, K-Cl, K-aluminosilicate, K-Al, OC, OC-PAH, PAH, Ca and 
Ca-K), that peak on 25th, 26th and 27th May, are shown in Figure 3.38. The K-Fe-Na, K-
Pb, Ca, OC, K-Cl and Fe-K-Ca classes contribute most to the particle number during the 
3-day industrial event, while on 2nd June (the other period strongly influenced by 
industrial emissions) OC and OC-PAH particles dominate. Peaks particle numbers 
occurred between 17:00-18:00 UTC on each of these days.  
 
Figure 3.38. Hourly unscaled particle numbers (stacked) for local industrial ATOFMS particle 
classes that peaked during the 3-day industrial event. 
K-Pb, Ca and Fe-K-Ca particles were found in the industrial filters of the ferromanganese 
alloy facility, however elemental Pb, Ca and Fe have also been detected in emissions from 
the steelworks (Hleis et al., 2013). Zn was found in the smelting chimney filters by SEM-
EDX but not by ATOFMS, and has also been found in steelworks emissions (Dall’Osto 
et al., 2008; Hleis et al., 2013). Given that Fe-K-Ca, Pb-containing and Zn-containing 
particles only contributed a small fraction of particles from the industrial filters, it is likely 
that most of these were from the steelworks. The same can be said of K-Fe-Na, K-Cl, OC, 
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OC-PAH and PAH, as no similar particles were found in any of the industrial filter or ore 
samples.  
K-Mn, Al-K-Mn, Mn-K-Fe, K-Al, Ca and Ca-K were found in the industrial filter or ore 
samples, and apart from Ca and Ca-K (Ca is a major component of steelworks sintering 
emissions) can be considered reliable tracers for emissions from the ferromanganese 
facility. The combined contribution of the K-Mn, Al-K-Mn, Mn-K-Fe and K-Al classes 
was 1% of total ATOFMS particle number and 2% of total reconstructed ATOFMS mass. 
The combined contribution of the K-Fe-Na, K-Cl, OC, OC-PAH and PAH classes, likely 
to be from the steelworks, was 5% to total ATOFMS number and 9.5% to total ATOFMS 
mass. This considers only classes which can be confidently attributed to the 
ferromanganese alloy facility or the steelworks and is therefore a conservative estimate 
but from this it is apparent that the steelworks contributed significantly more than the 
ferromanganese alloy facility to particle number and mass concentrations as analysed by 
ATOFMS. 
Of the local industrial classes all but the OC class depended strongly on north-easterly 
winds, shown in Figure 3.39. OC particles depended more on easterly winds, and a second 
southerly sector influence (an oil refinery lies ~ 2km to the south-west) with low wind 
speeds (2-4 m/s) was apparent for PAH particles.  
 
Figure 3.39. Wind speed and direction dependences of mean particle numbers for local industrial 
ATOFMS particles classes. Wind rose for K-Fe-Na is representative of Fe-K-Ca, K-Mn, Al-K-Mn, 
Mn-K-Fe, K-Cl, K-aluminosilicate, K-Al, Ca, Ca-K and OC-PAH. 
Most of the 3-day industrial event particles were found in the 300-1000 nm range 
(represented by the K-Fe-Na distribution, Appendix II, Figure 8.12), with a second larger 
mode between 1-2.5 µm during those three industrial days. This observation is also true 
of Mn-K-Fe particles, which were found in the ferromanganese ore samples and were 
therefore indicative of resuspended ore dust. Differences were seen in the distributions 
for K-aluminosilicate, OC-PAH and PAH particles, also peaking during the 3-day 
industrial event. Most K-aluminosilicate particles, possibly fine dust, were found in the 
K-Fe-Na OC PAH 
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range 700-2500 nm, with peak numbers around 850 nm. PAH particles were found in 
different size ranges during different periods – 300-500 nm on 5th June and from 800-
1500 nm on 7th June, indicating different formation mechanisms were involved. OC-PAH 
particles were of a similar size to PAH particles on the 7th June, but were considerably 
larger (peak numbers around 1 µm) than OC particles (peak aerodynamic diameter of 490 
nm, Appendix II, Figure 8.9) also seen on the 2nd June.  
Mass concentrations for industrial particle classes were compared with those for Fe, Mn, 
Ca, Pb, V, Zn and Al in the PM2.5 fraction analysed by ICP-MS, as shown in Figure 3.41. 
Fe, Mn, Ca, Pb, Zn and Al concentrations peaked between 25-27th May and mass 
concentrations for most of the particle classes containing these elements are thus in good 
agreement as they peak during the same period. PM2.5 Fe correlates best with Mn, Ca, Zn 
and Pb (R2=0.94, 0.98, 0.92, 0.92 respectively), suggesting similar sources or 
meteorological influences, with weaker correlations between Al and V (R2=0.7, 0.32), 
indicating different sources for these two elements.  
PM2.5 Fe mass concentrations correlate best with those of K-Fe-Na and Fe-K-Ca particles 
(R2=0.87 for both), with the K-Fe-Na class contributing most of the mass, at similar 
concentrations to PM2.5 Fe. Considering that these particle classes contain more than just 
Fe, PM2.5 Fe should have less mass than the Fe-rich classes combined; comparing these 
shows this is the case, Fe-rich concentrations ~ 1 µg/m3 higher than PM2.5 Fe from 25-
27th May. The Fe and Fe-EC classes, which had very different temporal profiles to the 
other clearly local Fe-rich classes, correlate moderately (R2=0.51) and weakly (R2=0.26) 
with PM2.5 Fe concentrations,  indicating that they may contain less Fe than their mass 
spectra suggest and that they were minor  contributors to Fe mass during the sampling 
period.  
PM2.5 Mn mass correlated well with that of the K-Mn and Mn-K-Fe classes (R
2=0.81, 
0.76), but poorly with Mn (R2=0.05) and Al-K-Mn (R2=0.04) as these peaked from 23-
25th May, possibly indicating they did not contain as much Mn as their mass spectra 
suggested. The lack of agreement between PM2.5 Mn and the Al-K-Mn class is surprising 
considering that chimney filter analysis by both ATOFMS and SEM-EDX showed Al and 
Mn containing particles dominated the cooling chimney filter sample and this chimney is 
by far the most emissive in the facility. The temporal profile for this class (Figure 3.38) 
showed these particles were also frequently observed during periods other than the 3-day 
event, suggesting more sources. It is also possible that these particles were underdetected 
during the 3-day event, or that the wrong density was applied during mass reconstruction, 
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which would affect which size bins the particles were scaled to and their final mass. Al-
K-Mn and K-Al, the two classes which contained Al, also did not correlate well with PM2.5 
Al concentrations, likely for the same reasons.  
PM2.5 Ca mass concentrations correlated well with those of the major Ca-containing 
particles combined (shown as Ca-rich, R2=0.75), but only moderately with individual 
classes (R2=0.55 for Ca, R2=0.57 for Ca-K), indicating that no one particle class was the 
main contributor to PM2.5 Ca mass. Fe-K-Ca particles also contain Ca, which were not 
included in the Ca-rich category, and this class produced a good correlation with PM2.5 
Ca (R2=0.88). Dall’Osto et al. (2008, 2012) did not find any particles similar to Ca or Ca-
K near the Port Talbot steelworks, however Flament et al. (2008) indicated that Ca was 
found as CaCO3 or mixed with Fe in the Dunkirk steelworks emissions. This combined 
with the likelihood that the steelworks is the major source of Fe-K-Ca particles suggests 
that the steelworks produced most of the Ca-rich particles, with a smaller contribution 
from GMF, detected by ATOFMS during the NANO-INDUS campaign.  
Based on the emissions rates of the three chimneys (Firing: 3100 kg/y, Cooling: 32300 
kg/y, Smelting: 600 kg/y, Figure 3.5), average Al-K-Mn and K-Mn mass concentrations 
should outweigh those of Ca and Ca-K particles. From Figure 3.40 it is apparent that this 
is not the case, as Ca and Ca-K particles generally contributed more mass than Al-K-Mn 
and K-Mn particles. This further supports a dominant steelworks source of Ca and Ca-K 
particles.  
 
Figure 3.40. Comparison of average mass concentrations of GMF and steelworks particle 
classes observed during NANO-INDUS. 
PM2.5 Pb mass concentrations correlated well with those of the K-Pb class (R
2=0.81), 
although the average mass of K-Pb particles is considerably larger (Figure 3.41) than that 
of PM2.5 Pb (factor of 23). This indicates that Pb is a minor component of these particles 
or that too large a density was used for reconstructing the mass.  
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Figure 3.41. Time series of average mass concentrations for PM2.5 Fe, Mn, Ca, Pb, V, Zn and Al (ICP-MS) and ATOFMS particle classes containing these species 
observed during NANO-INDUS.
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PM2.5 V mass concentrations correlated well with those of Na-V particles (R
2=0.75) but 
weakly with V-Fe concentrations (R2=0.37), suggesting that Na-V particles contained 
more V than V-Fe particles. However average Na-V mass concentrations are ~ 33 times 
larger (Figure 3.41) than PM2.5 V, so V was a small component of these particles. 
PM2.5 Zn mass concentrations correlated only moderately with those of Li-Zn particles 
(R2=0.41). Zn was found in smelting chimney particles by SEM-EDX but found by 
ATOFMS, indicating that under-detection of Zn in ambient particles was likely.  
 CONCLUSIONS 
34 distinct ATOFMS particle classes were identified from single particle mass spectra 
which were grouped into 9 general categories: Na-rich, K-rich, EC, Fe-rich, OC and PAH, 
Ca-rich, V-rich, Mn-rich and Others. Mass concentrations were reconstructed for the 
ATOFMS particle classes and were in good agreement with other quantitative 
measurements (beta gauge PM2.5, AMS species, ICP-MS elemental mass). Some 
underestimation and overestimation of PM2.5 mass was observed and likely originated 
from the use of multiple densities for mass conversion, a result of the complexity of the 
mixing states, particularly those of the metal-rich particles.  
Five general sources of PM2.5 particles were identified during NANO-INDUS: local 
industrial, transported industrial, transported/local industrial, urban/transported and 
marine. Marine emissions were dominated by sea salt and urban/transported emissions by 
aged biomass burning and fossil fuel combustion particles. Transported/local industrial 
emissions included carbonaceous particles with both transported and local industrial 
origins and alkylamine-containing particles likely from local industrial origins. 
Transported industrial emissions included Fe-rich and Mn-rich particles likely 
transported across the English Channel. Local industrial emissions were characterised by 
metal-rich particles with a variety of mixing states, observed during specific periods 
heavily influenced by local industry. During these periods particle number concentrations 
and mass concentrations of PM2.5, BC, nitrate, non-refractory chloride, Fe, Mn, Ca, Al, 
K, and Zn were at their highest.  
Assignment of particle classes originating from the ferromanganese alloy manufacturing 
facility was based on comparison with single particle mass spectra obtained from chimney 
filter samples and ores from the facility. Emissions from a Steelworks were also identified 
and contributed significantly more to PM2.5 than the ferromanganese alloy facility.   
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 INTRODUCTION  
4.1.1 MEDITERRANEAN METEOROLOGY 
The Mediterranean is a region with unique characteristics. Three continents converge 
around a large interior sea that is relatively deep and warm (abyssal temperatures of 
~13°C vs. 4°C for the oceans, (United Nations Environment Programme/Mediterranean 
Action Plan (UNEP/MAP), 2012) to form a basin with extensive coastal areas mostly 
surrounded by high mountains. The Iberian Peninsula on the western coast of the basin, 
the Alps to the north, the Apennines and Balkans to the east and the Atlas Mountains to 
the south act as physical barriers between the frontal weather systems of northern Europe 
and the Sahara, and the Inter Tropical Fronts in the south. Owing to its relatively small 
dimensions (2.5 × 106 km2, 1% of the world’s oceanic surface) and the fact that its open 
waters are never further than 300 km off the coasts (Heimbürger et al., 2010), the 
Mediterranean Sea is strongly subjected to numerous and various land-based emissions 
from anthropogenic activities.  
This geography and the anthropogenic emissions of heavily industrialised parts of Europe 
(Genoa and Milan, Italy), the megacities of Istanbul and Cairo and smaller population 
centres such as Barcelona and Marseille, and dense maritime transport traffic render the 
Mediterranean basin one of the most sensitive zones on the planet to air pollution (de la 
Paz et al., 2013; Karanasiou et al., 2014). Natural sources such as Saharan dust, sea-spray 
and frequent forest fires exert further considerable stress on regional air quality 
(Kanakidou et al., 2011). Transport of air pollution from outside the Mediterranean region 
is one cause for increased concentrations of primary and secondary pollutants (Lelieveld 
et al., 2002). In the summertime upper troposphere, Asian monsoon outflow transports 
pollution across northern Africa and the Mediterranean (Scheeren et al., 2003). In the 
middle troposphere, westerly winds prevail, transporting polluted air masses from 
western Europe and North America (Marmer & Langmann, 2005). In the surface layer, 
land emissions from south and central Europe are transported to the Western 
Mediterranean by northerly winds (Sciare et al., 2003).  
The geography and regional meteorological processes in the Western Mediterranean also 
favours the accumulation and ageing of these polluted air masses (Millán & Salvador, 
1997; Salvador et al., 1999; Millán et al., 2000; Gangoiti et al., 2001; Soriano et al., 2001; 
Lelieveld et al., 2002; Millán et al., 2002; Rodríguez et al., 2002). In summer the 
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Mediterranean meteorological situation is characterised by two high-pressure ridges – 
one over central Europe and one over the western Mediterranean basin – and a deep 
trough extending from the Persian Gulf to the eastern Mediterranean basin (Figure 4.1).  
 
Figure 4.1. 1979–2012 summertime (June, July and August) averages of meteorological variables 
taken from 12 h ERA-Interim reanalysis; the red lines represent the high-pressure ridges and the 
blue line the deep trough (Doche et al., 2014). 
The central Europe ridge results from an extension of the Azores anticyclone, while the 
western ridge results from an extension of the North African anticyclone. These systems 
lead to low winds, persistent clear-sky conditions, high solar irradiation, anticyclonic 
subsidence and stratification (Service & Prezerakos, 1984; Tyrlis & Lelieveld, 2013; 
Anagnostopoulou et al., 2014; Doche et al., 2014). The Western Mediterranean Basin 
(WMB) becomes isolated from the “classic” frontal systems approaching from the 
Atlantic which affect the weather in central and northern Europe. The east and south-
facing slopes of high coastal mountains (Atlas Mountains and eastern Iberian mountain 
ranges) surrounding the basin become strongly heated during the day, favouring the 
formation of upslope winds. These combine with sea breezes, which transport pollutants 
inland during the day and seaward at night, and the compensatory subsidence of air 
masses associated with the mountain and sea breezes, creating closed-loop circulations. 
These processes form stacked layers along the coasts (Millán et al., 1996, 2002), with the 
most recently formed layers at the top (vertically injected by the mountain breezes), and 
the older ones closer to the sea (returned by subsidence). Layering has been documented 
to reach 2–3 km in depth and extend out over the sea to more than 300 km (Millán et al., 
1996; Millán & Salvador, 1997). At night, the winds generated by land-surface heating 
die down, and the layers formed on the previous day(s) can drift up to 150 km along the 
coast (Millán et al., 2002), acting as reservoir layers of aged pollutants. The next day the 
sea breeze brings the lowest layers inland and the circulation continues. Tracer 
experiments on the Spanish east coast have shown that turnover times for these re-
circulations range from 2 to 3 days (Gangoiti et al., 2001). Similar processes involving 
either vertical re-circulations and/or oscillations of aged air masses have also been 
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documented in the central Mediterranean (Ciccioli et al., 1987; Fortezza et al., 1993; 
Kallos et al., 1993; Georgiadis et al., 1994; Ferretti et al., 2003; Caccia et al., 2004; 
Federico et al., 2010). These circulations typically dominate during periods of weak 
gradient conditions over the western Mediterranean, often associated with the Iberian 
thermal low (Hoinka & De Castro, 2003); daily cycles have been observed for wind 
speed, with maximum values during daylight, and wind direction, with SE winds blowing 
during the day and NW winds blowing at night (Rodrı́guez et al., 2002). Wind speed and 
direction do not undergo diurnal cycles during periods dominated by synoptic scale 
meteorological processes, such as advection of African air masses from the south or North 
Atlantic air masses from the north.   
4.1.2 ATMOSPHERIC PROCESSING IN THE MEDITERRANEAN 
The circulations act as "large natural photochemical reactors," where most of the NOX 
emissions and other precursors are transformed into oxidants, acidic compounds, aerosols 
and O3 (Millán & Salvador, 1997; Millán et al., 2000; Gangoiti et al., 2001; Rodríguez et 
al., 2002; Doche et al., 2014) and inhibited from dispersing (Sandroni & Migon, 1997).  
Concentrations of trace gases such as nitric oxide (NO), formaldehyde (HCHO), acetone 
(CH3COCH3) and methanol (CH3OH) have been found to be 2-10 times larger over the 
Mediterranean than in the background troposphere, indicating large in situ production of 
peroxy radicals (Lelieveld et al., 2002). This contributes to the Mediterranean basin being 
the European region at highest risk of O3 pollution (Sicard et al., 2013) and to aerosol 
radiative forcing, which is among the highest in the world during summertime (Haywood 
& Boucher, 2000; Formenti et al., 2001; Andreae et al., 2002). Climate change is expected 
to be more pronounced in the Mediterranean Basin than in most other regions of the world 
(IPCC, 2001). Climate models predict that Mediterranean summers will be increasingly 
characterized by warm, dry weather with calm winds (IPCC, 2007) and the Mediterranean 
Basin will be one of the areas subject to the most drastic reductions in precipitation and 
therefore increases in atmospheric aerosol lifetimes (IPCC, 2001). Thus it seems that the 
conditions that favour high ozone levels over the sea and along the coasts are likely to 
become more frequent in the coming years and the conditions that favour the build-up of 
ozone will presumably also promote the build-up of other air pollutants (Velchev et al., 
2011). 
As the Mediterranean basin is a crossroad of different aerosol types it is an ideal natural 
laboratory to study the effect of different types of absorbing aerosol on the regional and 
local radiation budget and the consequences for atmosphere dynamics in the region 
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(Mishra et al., 2014). So far, most global and regional climate simulations have 
investigated the impact of global warming on the Mediterranean climate without detailed 
considerations of the possible radiative influence and climatic feedback from the different 
Mediterranean aerosols (anthropogenic, marine, biomass burning, secondary biogenic 
and mineral dust particles). There are significant differences in aerosol loading between 
the eastern, central, and western sub-basins and between the North and the South of the 
Mediterranean as shown by long-term aerosol satellite products (Figure 4.2). The 
atmospheric aerosol content can be represented by the aerosol optical depth (AOD), 
which is the vertical integral over an atmospheric column of the fraction of incident light 
scattered and absorbed by aerosols. This optical parameter is often used as input for 
calculations of aerosol direct and semi-direct radiative forcing in regional climate models 
(RCMs). The AOD displays moderate (0.2 to 0.5 in the visible wavelengths) values 
(Figure 4.2), depending on the aerosol types observed over the Euro-Mediterranean 
region (Nabat et al., 2013).  
 
Figure 4.2. Aerosol Optical Depth (at 550 nm) derived from MODIS and MISR satellites for the 
2003 to 2012 period (Mallet et al., 2015). 
Numerous studies have documented the AOD for polluted-anthropogenic Mediterranean 
aerosols at local scale over south-eastern France (Mallet et al., 2006; Roger et al., 2006), 
Spain (Horvath et al., 2002), Greece (Chazette & Liousse, 2001; Gerasopoulos et al., 
2003), Crete (Fotiadi et al., 2006), and Italy (Tafuro et al., 2007; Ciardini et al., 2012). 
Under polluted conditions, they report moderate values ranging from 0.1 to 0.5 (at visible 
wavelengths). In parallel, multi-year TOMS and MODIS observations over the eastern 
Mediterranean (Hatzianastassiou et al., 2009) or the Po Valley (Royer et al., 2010) 
indicate the occurrence of high AOD values (up to more than 0.8 at 500 nm) over large 
urban areas surrounding megacities.  
Such atmospheric aerosol loadings are known to significantly change the radiative budget 
of the Mediterranean region through direct radiative forcing by (1) decreasing the sea-
surface incoming shortwave radiations, (2) increasing/decreasing outgoing shortwave 
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fluxes depending on the surface albedo and (3) possibly heating turbid atmospheric layers 
when particles absorb solar light. Absorbing aerosols were shown to increase the 
absorption of solar radiation in the atmospheric column (+11.1 W/m2) and reduce the 
surface radiation (−16.5 W/m2), inducing significant atmospheric warming and surface 
cooling over the region (Papadimas et al., 2012). Markowicz et al. (2002) found that the 
daily averaged atmospheric warming (+11.3 W/m2) and surface cooling (−17.9 W/m2) by 
summertime absorbing aerosol over the Mediterranean are similar to the highly absorbing 
south Asian haze observed over the Arabian Sea. Significant negative radiative forcing at 
the surface has also been reported in dust dominant (−70.8 W/m2) and pollution dominant 
(−39.1 W/m2) case studies (Meloni et al., 2003). 
Secondary inorganic components of aerosol, such as ammonium, nitrate and sulfate, 
exhibit seasonal spatial and temporal profiles (Rodríguez et al., 2002, 2007), shown in 
Figure 4.3. The contribution of ammonium nitrate to PM is enhanced during the winter 
(owing to its greater thermodynamic stability at low temperatures), particularly in urban 
regions. In contrast, ammonium sulfate contributions to PM are enhanced during summer 
due to the prevailing low dispersive conditions, high photochemical oxidation and the 
possible higher summer contribution of marine secondary sulfate from DMS oxidation 
(Querol et al., 2009a).  
 
Figure 4.3. Monthly mean concentrations of regional and urban contributions to PM10 and the most 
important contributors in eastern Spain (deduced from two rural sites and two urban sites) 
(Rodríguez et al., 2007).  
Enhanced sulfate levels (5– 6 µg/m3), among the highest in Europe, have been measured 
in the eastern Mediterranean relative to the western basin (3 µg/m3) (Querol et al., 2009a), 
as a result of air masses from eastern Europe, SO2 emissions from coal power generation 
in Greece and Black Sea countries and high insolation favouring H2SO4 production via 
homogenous reactions. This results in depletion of gas-phase NH3 over the eastern basin, 
so that little ammonium nitrate is formed and coarse mode nitrate is instead prevalent. 
Previous size fractionated aerosol measurements conducted in the Mediterranean have 
indicated low levels of submicron nitrate (Bardouki et al., 2003; Querol et al., 2009a); 
concentrations of 1.7 to 1.9 µg/m3 were lower than those in central Europe and UK (2–4 
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µg/m3). During summer, high hydroxyl radical (OH) levels (up to about 2·× 107 
molecule/cm3), relatively high NOX (NO+NO2) concentrations (Cyrys et al., 2012) and 
the lack of precipitation promote the build-up of HNO3 from gas phase reactions 
(Berresheim et al., 2003). Once HNO3 is formed, it is most likely captured by coarse mode 
(D≥1.2 µm) sea-salt and mineral dust particles, leading to a depletion of aerosol nitrate in 
the fine mode (D<1.2 µm) (Metzger et al., 2005). When ammonia is present in excess, 
ammonium nitrate can be formed during night, however this salt can evaporate during the 
day and the aerosol precursor gases NH3 and HNO3 are therefore likely to condense on 
pre-existing and larger aerosol particles (Wexler & Seinfeld, 1990). 
4.1.3 MEDITERRANEAN PM COMPOSITION 
Long term measurements (2006/2007-2010) of PM2.5, PM10, and gaseous pollutants (CO, 
SO2, NO2 and O3) at traffic and urban background sites in four Southern European 
countries (Spain, France, Italy and Greece) have been used to show that the origin of air 
pollution in Southern Europe seems to be local rather than regional, with the highest levels 
registered under low wind speeds (Karanasiou et al., 2014). This implies that the 
background Mediterranean aerosol should be influenced mostly by southern European 
emissions, with occasional African dust and Atlantic marine aerosol intrusions. Arid 
conditions, combined with high radiation and photochemical conversion rates 
significantly enhance air pollution in the form of PM10, PM2.5 and NO2, with the highest 
concentrations generally found in southern and eastern Europe and attributed to diverse 
emission sources such as industry, traffic, resuspended dust, shipping emissions and 
African dust intrusions (Karanasiou et al., 2007, 2009; Querol et al., 2004; Lelieveld et 
al., 2002; Rodríguez et al., 2007; Karanasiou et al., 2011, 2014)(Lelieveld et al., 2002; 
Querol et al., 2004; Rodríguez et al., 2007; Karanasiou et al., 2007, 2009, 2011, 2014). A 
number of studies have reported that in rural environments in the Mediterranean, airborne 
particulate matter (PM) concentrations undergo a seasonal cycle characterised by a 
summer maximum (Bergametti et al., 1989; Kubilay & Saydam, 1995; Querol et al., 
1998a, 1998b; Rodríguez et al., 2001, 2002). This seasonal cycle has not been reported at 
rural sites in central and northern Europe, where high PM events are mostly recorded in 
winter during stagnant episodes caused by cold temperature inversions and low wind 
speed (Monn et al., 1995; Turnbull & Harrison, 2000; Röösli et al., 2001). During summer 
2000 the highest PM episodes (daily concentrations 40– 60 μg/m3) were observed during 
African dust outbreak events (Rodrı́guez et al., 2002). The second highest PM levels 
(daily concentrations 20–45 μg/m3) were reported during regional pollution episodes 
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associated with ozone events, induced by Mediterranean meteorology. The lowest PM10 
levels (daily concentrations <20 μg/m3) occurred during abrupt entries of Atlantic air 
masses into the western Mediterranean basin. (Querol et al., 2009a) reported mean 
maximum hourly values of 23, 16 and 13 µg/m3 in summer for PM10, PM2.5 and PM1 in 
the Montseny National Park, Barcelona, from long term (2001-2007) PM10 and PM2.5 
speciation measurements. These were also conducted in Finokalia (Crete) and Erdemli 
(Turkey) and showed that mineral matter is the major component of PM10 (22-38%) in 
both western and eastern Mediterranean basins, with relatively high proportions in PM2.5 
(8-14%), followed by sulfate, organic matter (OM), nitrate and ammonium. 10-14% of 
PM10 mass (and 2-16% of PM2.5) was unaccounted and mainly attributed to moisture not 
eliminated during filter conditioning, as well as a small fraction of inorganic hetero-atoms 
(F, O, H), not analysed during those studies.  
Carbonaceous aerosol 
EC and OM levels were homogenous across the regional background of the 
Mediterranean (0.2–0.4 and 5–6 µg/m3 respectively) and lower compared to most 
background sites of central Europe (Putaud et al., 2004; Pio et al., 2007). Mean OC/EC 
ratios of ~11 were found in the western basin, which was attributed to significant SOA 
formation from biogenic and anthropogenic volatile organic compounds (VOCs) emitted 
from a range of sources, including biomass burning (Reid et al., 2005; Hallquist et al., 
2009). SOA formation is enhanced by the low regional atmospheric renovation in spring-
summer and higher photochemical activity. Long term measurements (2001-2006) of EC 
and OC in Crete (Sciare et al., 2008) showed long-range transport of agricultural waste 
(post-harvest wheat residual) burning in countries surrounding the Black Sea were 
important contributors to these species from March-April and July-September; 34% and 
32% of EC and OC mass concentrations during August (20% and 14% on a yearly basis). 
Ukraine has the largest agricultural land area in Europe (FAO, 2015) and it has been 
suggested wheat yields there have the potential to double long term (Rabbinge & Van 
Diepen, 2000); agricultural waste burning in this region will likely represent an important 
source of combustion aerosols in the future and their influence on radiative forcing over 
the source region and the downwind Mediterranean could be significant.  
In the eastern Mediterranean high insolation and high levels of O3 (up to 87 ppbv) 
prevailing during summer, as well as increased traffic owing to greater tourism and the 
burning of vegetation and forest, contribute to high mean concentrations of oxalate; 170-
255 ng/m3 in Finokalia, Crete, among the highest reported for rural areas (Bardouki et al., 
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2003; Koçak et al., 2004). Oxalate was found to be the main organic ionic species in both 
coarse and fine modes, contributing 50% of coarse and 40% of fine organic ionic mass. 
Together with acetate and formate, it accounted for up to 90% of total organic ionic mass 
(0.58 μg/m3) (Bardouki et al., 2003). Koçak et al. (2004) found seasonal cycles of oxalate, 
with a maximum in the summer. Oxalate formation is likely from photochemical 
breakdown of gas- or aerosol-phase higher dicarboxylic acids and unsaturated fatty acids 
after reaction with O3 or partly due to marine biogenic emissions (Kawamura and 
Sakaguchi, 1999). Koulouri et al. (2008) found 59% of oxalate mass was in the fine 
fraction, with an average concentration of 117 ng/m3 and a range of 29-258 ng/m3. After 
nss-SO4
2- and NH4
+, oxalate and nss-K+ were the second most important contributors to 
anionic and cationic mass. The authors found correlations between oxalate and NH4
+, nss-
SO4
2-, K+ and MSA. The association with the latter implies at least some of the oxalate 
mass originated from marine biogenic activity as MSA arises only from precursor marine 
DMS through gas to particle conversions, while the association with K+ indicated biomass 
burning sources. The average concentration in the coarse mode was 78 ng/m3, with a 
range of 8-301 ng/m3. Similar to the proposed coarse mode nitrate formation pathway, 
oxalic acid, SO2 and sulfuric acid can react with alkaline sea salt and mineral dust 
particles, in the coarse size range (Mamane & Gottlieb, 1992; Aymoz et al., 2004; 
Falkovich, 2004; Sullivan & Prather, 2007). In summer 2003 Portugal lost ~400,000 ha 
of forest to wildfires, more than any other European country that year; measurements by 
(Pio et al., 2008) found mean oxalate mass concentrations of 359 ng/m3 and a range of 
180-789 ng/m3 and clear increases in oxalate mass during periods strongly impacted by 
wildfires from background levels indicated that this species, as well as other diacids, were 
either emitted by the fires or subsequently produced during plume ageing.  
Marine emissions 
Marine aerosol in the Mediterranean basin takes the form of sea salt and biogenic 
emissions. Sea salt varies strongly across the region, with lower levels found in the 
western basin compared to the eastern, and higher levels in coastal areas (annual average 
~4 µg/m3 in PM10 at the Balearic Islands) compared to the mountainous areas surrounding 
the Mediterranean (0.5 and 0.2 µg/m3 for PM10 and PM2.5 at Montseny, Barcelona) 
(Querol et al., 2009a). These levels are all lower however than those found at Atlantic 
sites in Europe (4 to 12 µg/m3: Querol et al., 2004; Sillanpää et al., 2006; Jaeglé et al., 
2011). Querol et al. (2009) found highest sea salt concentrations in the western basin 
(Montseny, Barcelona) during the summer, related to the intensified coastal sea breeze 
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circulation, and an association of sea salt with wind speed variation in both basins. Low 
chlorine/sodium ratios were found across the Mediterranean in the summer, attributed to 
chlorine replacement by nitrate.  
Methanesulfonate (MSA) is a well-established tracer for marine phytoplankton activity 
(Andreae and Crutzen, 1997; Hallquist et al., 2009; Gaston et al., 2010), formed from OH 
(day) and NO3 (night) oxidation of DMS, the enzymatic cleavage product of 
dimethylsulfoniopropionate (DMSP), a compound produced by oceanic phytoplankton. 
It is therefore a good indicator of biogenic (marine) sulfate and its presence in aerosols 
typically indicates that they have undergone some oceanic transport, rather than being 
produced locally (Gaston et al., 2010). While MSA has been proposed to primarily 
contribute to particle growth in the atmosphere (Kreidenweis et al., 1989; Wyslouzil et 
al., 1991a, 1991b), there is evidence that MSA can also contribute to new particle 
formation (Dawson et al., 2012). Both MSA and sulfate strongly influence particle 
hygroscopicity, meaning that the enhanced production of either of these species by 
anthropogenic particle types could have significant implications for cloud droplet 
formation in both marine and inland environments (O’Dowd et al., 2004; Lee et al., 2010). 
Measurements of DMS oxidation products, primarily sulfate and MSA, typically use off-
line bulk analysis techniques. These measurements revealed that particle mass 
concentrations of both sulfate and MSA peak during the summer, and the ratio of the two 
species depends on factors such as temperature, cloudiness, NOx concentrations, and 
contributions from anthropogenic sulfate (Ganor et al., 2000; Kouvarakis & 
Mihalopoulos, 2002; Hopkins et al., 2008). MSA has been quantified at sea using an 
aerosol mass spectrometer (AMS), showing diurnal trends in particulate MSA 
concentrations and correlations with oceanic biological activity (Phinney et al., 2006; 
Zorn et al., 2008). Mean MSA concentrations of 35 ng/m3(range 5.9-121 ng/m3) have 
been measured in the Gulf of Lion by Sellegri et al. (2001) and 40-60 ng/m3 on 
Lampedusa (Becagli et al., 2013), while in the eastern Mediterranean (Finokalia, Crete) 
similar mean concentrations of 26 ng/m3 (Kubilay et al., 2002), 27 ng/m3 (range 4-99 
ng/m3) (Kouvarakis & Mihalopoulos, 2002) and 32 ng/m3 (Bardouki et al., 2003) were 
observed. Mean concentrations of 50 ng/m3 (range 0.1-552 ng/m3) have been measured 
at Mace Head, Ireland and 45 ng/m3 at Erdemli, Turkey, both areas influenced by elevated 
marine biological productivity (Kubilay et al., 2002). On board the cruise ship Costa 
Pacifica during summer 2010 around the western Mediterranean, Schembari et al. (2014) 
estimated that 26% of sulfate mass was of marine biogenic origin, with the remainder 
assigned to anthropogenic emissions. The majority of MSA mass has been found in fine 
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aerosols; Koulouri et al. (2008) detected 85% of MSA in the fine mode (mean of 35 ng/m3 
with range 3-145 ng/m3 as compared to 6 ng/m3 in the coarse mode, with range 0-27 
ng/m3), Bardouki et al. (2003) found maximum concentrations in 0.26-0.46 μm impactor 
stages and Sellegri et al. (2001) found highest concentrations in 0.3-0.5 μm range and no 
MSA on particles <0.1 μm.  MSA has been observed enhanced relative to sulfuric acid in 
particles <0.1 µm in Finland (Kerminen et al., 1997; Mäkelä et al., 2001) and Mace Head 
(Facchini et al., 2008); that this has not been the case so far in the Mediterranean suggests 
condensation on pre-existing particles rather than new particle formation.  
Shipping emissions 
The Mediterranean Sea is among the world’s busiest waterways, accounting for 15 % of 
global shipping activity by number of port calls (UNEP/MAP, 2012); passenger ships and 
dry cargo ships make up the majority of ships calling at Mediterranean ports (34% and 
31% respectively). Container ships and tankers also transit through the region. Ship 
emissions contribute to sulfate aerosol concentration mainly in the western 
Mediterranean; 54% of the mean sulfate aerosol burden during summer and over 50% of 
direct sulfate radiative forcing, according to modelling by (Marmer & Langmann, 2005). 
Without ship emissions, the mean summertime direct forcing over the Mediterranean is 
no longer outstanding and has the same values as the European mean.  
Ambient measurements on board the Costa Pacifica as it visited five Mediterranean 
harbours (Savona, Barcelona, Palma, Tunis and Civitavecchia) in 2009 and 2010 found 
an average decrease of 66% of the daily SO2 means in three of the four EU harbours 
(Schembari et al., 2012), in connection with the impact of the EU directive 2005/33/EC 
that regulated the SO2 emissions from ships in EU harbours from January 2010. A 75% 
decrease in ambient SO2 concentration was also seen in the measurements at a monitoring 
station in the harbour area of Barcelona and downwind of the harbour of Palma de 
Mallorca. Notably, the SO2 concentration in the only non-EU harbour, Tunis, did not 
change significantly. Neither the concentrations of NOX nor BC changed significantly in 
any of the harbours from 2009 to 2010. Measurements were also carried out on the ship 
as it travelled from port to port (Schembari et al., 2014); a combustion factor identified 
by PMF, which showed evidence of contribution from ship emissions (sulfur 
predominantly found in the fine fraction and V/Ni ratios consistent with shipping 
emissions) contributed 55%, 63% and 80% to PM10, BC and sulfate concentrations. A 
second set of measurements in 2011, this time on the Costa Concordia (Bove et al., 2015), 
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resolved this combustion factor into two separate factors, secondary sulfate and heavy oil 
combustion, which contributed 35% and 12% to PM10.  
Becagli et al. (2012) estimated the average mass of SO4
2- emitted by heavy fuel oil 
combustion around the island of Lampedusa during the summer (long term measurements 
from 2004-2008) to be 1.2 µg/m3, about 30% of the total nssSO4
2-, 3.9% of PM10, 8% 
PM2.5, and 11% PM1. A peak value of 6.1 µg/m
3 was reached on 26 June 2008, 
corresponding to 47% of nssSO4
2- and 15% of PM10. In Marseille the petrochemical 
activities, industrial emissions and shipping are believed to cause elevated levels of SO2 
(Karanasiou et al., 2014). Studies in Barcelona, the Balearic islands, Crete and South 
Turkey (Querol et al., 2009a; Pey et al., 2010) found a strong presence of the fuel-oil 
combustion aerosols over the Mediterranean, from power plants and shipping traffic, as 
levels of V and Ni were factors of 3-9 higher in these areas than at most sites in central 
Europe.  
The Mediterranean basin is characterized by atmospheric stagnation for most of the year, 
and consequently, shipping emissions accumulate on a regional scale. This is especially 
relevant along the Gibraltar Strait, as at this point ship traffic from the Mediterranean 
basin converges toward the Atlantic Ocean. Viana et al. (2009) estimated the mean annual 
contribution of shipping emissions to ambient PM10 in Melilla, on the African coast, was 
0.8 µg/m3 (2%) as primary particles and 1.7 µg/m3 (4%) as secondary particles (mainly 
sulfate aerosols from the oxidation of co-emitted SO2). For PM2.5 the sum of primary and 
secondary particles from shipping accounted for 2.6 µg/m3 (14%). Pandolfi et al. (2011) 
characterised shipping emissions in this area (Bay of Algeciras) by La/Ce ratios between 
0.6 and 0.8 and V/Ni ratios around 3 for both PM10 and PM2.5, and distinguished them 
from refinery emissions (elevated La/Ce ratios of 1-5) and stainless steel plant emissions 
(low average V/Ni ratio of ~1). The authors assessed the direct contribution from shipping 
at 1.4-2.6 μgPM10/m3 (3-7%) and 1.2-2.3 μgPM2.5/m3 (5-10%). Harbours are particularly 
influenced by emissions from ships (Pandolfi et al., 2011; Reche et al., 2011); an 
apportionment study performed in Barcelona (Amato et al., 2009) revealed a mean annual 
contribution from heavy fuel oil combustion (mainly shipping emissions) of 5, 6 and 8% 
of PM10, PM2.5 and PM1.  
Dust 
In addition to regional circulations, synoptic scale meteorology induces frequent 
outbreaks of African dust in summer. North African deserts emit most of the dust particles 
released to the atmosphere worldwide (Salvador et al., 2014). Saharan dust outbreaks 
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influence the Mediterranean through anticyclonic flow from western Africa, reaching the 
area from the west in the lower free troposphere (Moulin et al., 1998; Ganor et al., 2000; 
Lelieveld et al., 2002), as southerly winds are uncommon in summer. Such African dust 
outbreaks (ADO) occur only occasionally, around 10 reported annually in eastern Spain 
(Rodríguez et al., 2001) and/or following seasonal patterns (Querol et al., 2009b; Pey et 
al., 2013; Salvador et al., 2014), but can represent a signiﬁcant fraction of daily PM10 
levels at both rural and urban monitoring sites in the Mediterranean basin (Querol et al., 
1998a, 2004, 2008, 2009b; Rodrı́guez et al., 2002; Gerasopoulos et al., 2006; Escudero et 
al., 2007a; Bouchlaghem et al., 2009; Pey et al., 2013; Karanasiou et al., 2014). A 
considerable percentage of the exceedances of the PM10 daily limit value (50 µg/m
3 after 
the 2008/50/EC European Directive) registered at these sites was exclusively attributed 
to the mineral dust transported during ADOs (Escudero et al., 2007b; Viana et al., 2010; 
Salvador et al., 2013).  
Ti, Li, Al2O3, Rb, Mg, La, Ca and Fe (typical soil constituents) have been associated with 
mineral dust from Saharan dust transport, construction, demolition and road dust 
(Rodríguez et al., 2007; Pey et al., 2009) associated, with Ca, Fe, Sb, Sn, Cu and Zn 
identified as specific tracers for urban road dust  (Pey et al., 2010). Low precipitation 
rates in the western Mediterranean result in poor vegetal coverage of soils, from which 
natural resuspension processes increase the mineral dust contributions to ambient PM 
levels, and enhance mineral dust accumulation on and resuspension from roads; 
resuspended road dust accounted for 17% of PM10 registered in Barcelona (Amato et al., 
2009). Further measurements in Barcelona during winter (Reche et al., 2011) revealed 
construction and demolitions works increased PM2.5-10 levels up to 63% with respect to 
the daily mean (an increase of 7.5 µg/m3). The impact of these sources was strongly 
dependent on meteorological processes, as the emissions were transported to the study 
site via the Mediterranean sea breeze circulations. 
4.1.4 MEDITERRANEAN BACKGROUND AEROSOL STUDIES 
Continent based coastal sites are subjected to the proximity of urban or industrial emission 
areas (Sandroni & Migon, 1997). The background composition of the western 
Mediterranean atmospheric aerosol is therefore best represented on the shore line of 
industry-free or poorly industrialized islands such as Corsica, Sardinia or Balearic 
Islands, and studies in these locations have so far been limited.   
On Lampedusa (an island between Sicily and Tunisia), Saharan dust has been measured 
in terms of its optical properties and radiative effects (di Sarra et al., 2001; Di Sarra et al., 
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2002; Meloni et al., 2004; Meloni et al., 2008; di Sarra et al., 2011). Biomass 
burning/urban-industrial particles, 65% of which originated from central-eastern Europe 
(from 2001-2003), were also identified based on their average aerosol optical depth 
Ångström exponent and were found to absorb visible radiation whereas scattering is 
prevalent for desert dust (Meloni et al., 2008; Di Biagio et al., 2010). Artuso et al. (2009, 
2010) found growth rates of greenhouse gases such as CO2 (1.9 ppm yr
-1) and N2O (0.78 
ppb y-1) from 1992-2008. Becagli et al. (2012) estimated the contribution of heavy fuel 
oil emissions (V, Ni, nss-SO4
2-) to PM10 (4%), PM2.5 (8%) and PM1 (11%) between 2004 
and 2008.  
Studies on Corsica are considerably fewer and focus on trace metals. Bergametti et al. 
(1989) studied the temporal variability of markers for major aerosol sources (soil erosion: 
Al, Si; pollution: S, Pb; sea-salt: Na) and concluded mean travel time of about two days 
to be a good estimate of the duration of the long-range transport between continental 
source-regions, primarily Spain and north-Africa, and the Corsican atmosphere. Similar 
peak Al concentrations have been found in NE Spain (Rodríguez et al., 2002), during 
African dust events, indicating the extent this dust affects the western-central 
Mediterranean.  Concentrations of Pb, Zn and Mn have been found to be ~3 times lower 
at background Mediterranean (e.g. Vignola, west Corsican coast) sites than at coastal 
continental sites (e.g. Camargue, south France), which were influenced more by 
industrial/continental regions of northern and central Europe (Sandroni & Migon, 1997). 
Concentrations of Cu, Al and Fe were factors between 2.2 and 2.6 larger, while Ni and 
Cd were factors between 1.2 and 1.8 larger. The authors emphasised that the background 
values represented the natural contribution mixed with the medium-range transported 
component of the anthropogenic inputs. Loye-Pilot and Morelli (1988) analysed 
rainwater from south Corsica for pH and major ions (Na+, K+, Ca2+, Mg2+, Cl-, SO4
2-, 
NO3
- and NH4
+) and observed episodes of acid rain when incoming air masses passed 
over various European industrial regions (lowest pH values ~4). On the contrary, air 
masses arriving from North Africa coincided with the highest pH values (6-7) and 
corresponded to red rain episodes with high content in PM containing up to 30% of 
calcite. When Saharan and European air masses mixed, intermediate pH values were 
observed, possibly as a consequence of a neutralising effect of the incoming desert aerosol 
on atmospheric acidity, suggesting that Saharan dust may counterbalance the effects of 
acidic rain in the Mediterranean. 
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4.1.5 CHARMEX AND AIMS 
In this context, the Chemistry-Aerosol Mediterranean Experiment (ChArMEx; 
http:charmex.lsce.ipsl.fr) initiative aims to scientifically assess the impacts of present and 
future anthropogenic and climatic pressures on the Mediterranean atmosphere. ChArMEx 
is a coordinated experimental and modelling international effort to assess the regional 
budgets of short-lived (< 1 month) particulate and gaseous tropospheric trace species, 
their trends, and their impacts on air quality, marine biogeochemistry, and regional 
climate. It comprises a number of interlinked projects. The work presented in this Chapter 
is related to results obtained from field measurements performed on Corsica during 
summer 2013 as part of two ChArMEx projects: ADRIMED and SAF-MED. 
The objectives of the Aerosol Direct Radiative Impact on the Regional Climate in the 
Mediterranean region (ADRIMED) project are the following: 
 to conduct an experimental campaign, based on surface and aircraft observations, 
for creating an innovative database gathering the physical, chemical, optical properties as 
well as the vertical distribution of the main Mediterranean aerosols; 
 to use experimental surface-aircraft observations to estimate the 1D-local direct 
radiative forcing of aerosols over the two instrumented super sites at the sea-surface, Top 
of the Atmosphere (TOA) and within the atmospheric layer (ATM); 
 to investigate how the modifications of the radiative budget due to aerosols affect 
the sea-surface evaporation fluxes, relative humidity profiles, cloud-cover, precipitation 
and more largely the Mediterranean hydrological cycle. 
The Secondary Aerosol Formation in the Mediterranean (SAF-MED) project aims to 
develop a better understanding of the origins of the high secondary organic aerosol (SOA) 
concentrations observed in the western Mediterranean in summer with a focus on the role 
of atmospheric chemical processing and particle properties in SOA formation. Most SOA 
at the continental scale over Europe is of biogenic origin but because the oxidation of 
biogenic VOCs is enhanced by anthropogenic emissions, reducing the oxidant levels and 
absorbing carbon mass associated with these emissions may actually reduce the biogenic 
SOA concentration. (Sartelet et al., 2012) estimated 15-16% less SOA formation if all 
anthropogenic emissions were eliminated, with as much as 50% less SOA locally over 
large urban centres. Correctly estimating organic aerosol (OA) concentrations, their 
properties and origins is desirable in order to find out the most efficient way to reduce 
them. The main objectives are as follows: 
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 To estimate the concentrations and properties of SOA and photo-oxidants in the 
western Mediterranean; 
 To investigate the origin of SOA and the influence of photochemical aging on 
SOA properties; 
 Improvement of operational air quality models. 
Aerosol physical and chemical properties will be measured close to real-time. The 
concentrations of photo-oxidants will also be measured, because they impact on the 
formation of SOA and will provide an estimate of the age of the air mass. Hygroscopicity, 
mixing state of particles, and the volatility of organic aerosol (OA) which appears to be a 
key feature to discriminate between fresh and processed aerosol sources, will be 
measured. The determination of major organic and other aerosol sources in the western 
Mediterranean will be obtained from the model-based analysis and from the specific 
source apportionment analysis from campaign observations.  
The ATOFMS provided real-time single particle mixing state and thereby emission 
source information during two ChArMEx projects: ADRIMED and SAF-MED.  Single 
particle mass spectrometry measurements in the Mediterranean are scarce and restricted 
to urban environments (Dall’Osto & Harrison, 2006; Dall’Osto et al., 2013; 
McGillicuddy, 2014). The dataset obtained by the ATOFMS in Corsica during 
ADRIMED and SAF-MED therefore represents only the third of its kind in the 
Mediterranean and the first to characterise the Mediterranean background aerosol. 
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 METHODOLOGY  
4.2.1 SAMPLING SITE 
The UCC ATOFMS was deployed at the air quality monitoring station in Ersa 
(coordinates: 42°58’10’’N, 09°22’49’’E), Cape Corsica, near the North tip of Corsica 
Island (Figure 4.4). This station is well positioned to investigate polluted air masses 
transported over the Mediterranean basin from the highly industrialized regions of the Po 
Valley (Royer et al., 2010) and/or the Marseille/Fos-Berre (Cachier et al., 2005) zones, 
and is fully equipped for documenting the aerosol chemical, physical and optical 
properties as well as their possible mixing and their vertical structure at local scales. This 
ground-based remote station is located at an altitude of 530 m and has unobstructed views 
to the sea over ~270° (Figure 4.4). The Cape Corsica peninsula is a remote site excluding 
important anthropogenic sources that could affect the in-situ measurements (Lambert et 
al., 2011).  
  
Figure 4.4. Ersa sampling site at the start of the ADRIMED campaign (mid-June, 2013). 
  
South-East 
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4.2.2 INSTRUMENTATION 
The ADRIMED and SAF-MED field campaigns took place from 11th June to 5th July and 
from 12th July to 6th August 2013 respectively, during the Mediterranean dry season over 
the western and central Mediterranean basins. A list of key instruments deployed during 
the campaigns by the various participating research institutes  is given in Table 3.2. A full 
list of instruments deployed during ADRIMED can be found in the overview for this 
campaign by Mallet et al. (2015), while an overview of the SAF-MED measurements is 
still in progress. Date and time are reported in Coordinated Universal Time (UTC). The 
local time during this study was Central European Summer Time (CEST), which 
corresponds to UTC +2:00. The experimental set-up involved several ground-based 
measurement sites including two ground-based reference sites on islands (Corsica and 
Lampedusa) and different secondary sites, details of which can be found in (Mallet et al., 
2015).  
At the Ersa supersite local meteorological parameters were measured with an automated 
weather station. Particle number concentrations and size distributions were measured 
with a scanning mobility particle sizer (SMPS, 10-1000 nm in mobility diameter) and 
optical particle counter (OPC, 300 nm to 20 μm in optical diameter). PM10 and PM1 mass 
concentrations were measured with tapered element oscillating microbalance (TEOM) 
analysers. The TEOM measures the accumulation of mass on a heated filter attached to 
the tip of a hollow, tapered, oscillating glass rod (Patashnick & Rupprecht, 1991; Allen 
et al., 1997). The change in the oscillation frequency is used to make a direct measurement 
of the accumulation of mass on the filter over time. Dividing the mass rate by the flow 
rate through the filter provides a continuous output of the particle mass concentration. 
An aerosol chemical speciation monitor (ACSM) and a high-resolution time-of-flight 
aerosol mass spectrometer (HR-ToF-AMS) delivered quantitative mass concentrations of 
the major non-refractory chemical species (SO4, NO3, NH4, non-sea-salt Cl) present in 
submicron particles (Jayne et al., 2000b; DeCarlo et al., 2006) throughout the 
ADRIMED/SAF-MED and during SAF-MED only, respectively. The ACSM was 
recently developed for long-term autonomous field measurements by modifying the AMS 
design (Ng et al., 2011): (i) the electron impact ion source is smaller but otherwise 
identical; (ii) a lower cost residual gas analyser (RGA) type quadrupole mass analyser 
instead of high-performance quadrupole and time-of-flight spectrometers; (iii) and 
removal of the fast data acquisition and particle beam chopper system for measuring 
particle time-of-flight to obtain particle size information. These modifications result in a 
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more compact and less costly instrument compared to the AMS at the expense of lower 
sensitivity and time resolution.  
Black carbon concentrations were provided by a multi-angle absorption photometer 
(MAAP). The operating principle is described in detail elsewhere, (Petzold & 
Schönlinner, 2004) but briefly the optical absorption and scattering of light (light source, 
LED, λ = 670 nm) by particles collected on the filter tape are simultaneously measured at 
multiple angles and corrections for filter and aerosol scattering are made using a radiative 
transfer model (Petzold & Schönlinner, 2004). When the MAAP technique was compared 
with a thermal reference method for various types of test and ambient aerosol, a constant 
specific absorption was found that can be used to convert optical absorption coefficient 
to black carbon mass.  
Quantification of bulk aerosol water-soluble ionic components such as chloride, nitrate, 
sulfate, ammonium, sodium, magnesium, calcium, potassium, oxalate and 
methanesulfonate was achieved using a particle into liquid sampler (PILS) coupled with 
ion chromatography (IC) (Orsini et al., 2003). Aerosol particles are sampled from an 
airstream (15-17 l/min) and mixed with a smaller turbulent flow of 100 °C steam (1.5 
l/min). Rapid adiabatic cooling of the warmer turbulent steam by the cooler ambient 
sample gives a high supersaturation of water vapour. In this supersaturated environment, 
the aerosol particles grow into droplets (Dp > 1 μm) large enough to be collected by an 
single jet inertial impactor onto a vertical quartz plate, which is washed with water to 
produce a continuous liquid flow for online analysis by IC.  
ATOFMS data analysis was carried out according to the procedures outlined in Chapter 
2. ATOFMS particle numbers for each particle class were scaled using an SMPS and OPC 
and then converted to mass as described in Section 2.2.1. Reconstructed ATOFMS mass 
concentrations were compared with those obtained by the TEOM, PILS, ACSM and 
MAAP.  
The ATOFMS size range was limited to 300-3000 nm instead of the usual 100 nm lower 
limit, due to degrading sizing lasers (Figure 4.5). From the 12th – 18th July, the ATOFMS 
did not detect particles effectively. Originally it was thought one of the sizing lasers had 
malfunctioned and it was therefore exchanged. However, it later emerged that the 
substitute laser had a lower power output and as a result smaller particles were no longer 
sized. From 18th July, the effective operating range of the instrument was therefore 
restricted to 500-3000 nm. This was not immediately apparent as particle numbers were 
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no lower than they had been prior to the technical difficulties, but was noticeable in later 
data analysis and following comparison with other measurements.  
 
Figure 4.5. Hourly size resolved ATOFMS particle numbers during ADRIMED/SAF-MED. 
As shown in Figure 4.6, this technical issue impacted the number of particles observed 
during SAF-MED, which is to be expected given that smaller particles were no longer 
detected (laser power was too weak to scatter light effectively from small particles, which 
is an issue already with this sizing system). The issue would not have affected sea salt 
detection, as the sea salt particles were above the 500 nm cut-off and marine emissions 
influenced the site at times during SAF-MED. The higher sizing limit would have affected 
detection of combustion particles; classes from such sources were found throughout 
ADRIMED and SAF-MED and a shift to larger peak diameters during SAF-MED 
confirms that these were affected. Scaling of the ATOFMS particle numbers allowed for 
correction of some of this drop in detection efficiency, but even so some underestimation 
of reconstructed mass concentrations.  
 
Figure 4.6. Comparison of ATOFMS particle size distributions during ADRIMED and SAF-MED. 
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Table 4.1. List of instruments deployed during the ADRIMED and SAF-MED field campaigns. 
Parameter Instrument Make & Model Temporal resolution Laboratory 
 Particle phase 
Particle number size distribution  
(10-500 nm, mobility diameter and 300 nm – 20 μm, optical diameter) 
SMPS  
TSI Instruments Ltd., DMA model 3080 and 
CPC model 3010  
5 min (continuous) CNRM GAME 
OPC  TSI Instruments Ltd., model 3300 5 min (continuous) CNRM GAME 
PM10 and PM1 mass concentration TEOM  continuous LSCE 
Chemical composition and size distribution of non-refractory and 
refractory particles (100-3000 nm, vacuum aerodynamic diameter) 
ATOFMS TSI Instruments Ltd., model 3800-100 continuous UCC 
Chemical composition of non-refractory particles (30-1000 nm, vacuum 
aerodynamic diameter) 
ACSM Aerodyne Research Inc. 25 min (continuous) LSCE 
Chemical composition and size distribution of non-refractory particles 
(30-1000 nm, vacuum aerodynamic diameter) 
HR-ToF-AMS (SAF-MED only) Aerodyne Research Inc. 4 min (continuous) LCE 
Black carbon (BC) MAAP Thermo-Scientific, model 5012 5 min (continuous) LSCE 
PM10 chemical composition (Na+, Mg+, Cl-, Ca2+, K+, NH4+, NO2-, SO42-, 
MSA, Oxalate) 
PILS  12/18 min (continuous) LSCE 
Pressure, temperature, relative humidity, 
solar radiation, rain, wind speed and direction 
Weather station Campbell Scientific, Model CR1000 5 min (continuous) LSCE 
UCC: University College Cork 
LSCE: Le Laboratoire des Sciences du Climat et de l'Environnement 
LCE: Laboratoire Chimie de l'Environnement, Aix-Marseille Université 
CNRM-GAME : Centre National de Recherches Météorologiques - Groupe d'étude de l'Atmosphère Météorologique 
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 RESULTS  
4.3.1 METEOROLOGY 
Figure 4.7 shows time series of standard meteorological parameters (temperature, relative 
humidity, solar radiation, wind speed and atmospheric pressure. The temperature varied 
between 12 and 32°C, with an average ± 1 std. dev of 20.9 ± 3.8°C. Solar radiation 
maxima ranged from ~499 – 713 W/m2, with clear consistency. Humidity ranged from 
26 – 100%, with an average ± 1 std. dev of 69.7 ± 19.1%, and was >90% for 18% of the 
whole sampling period. Pressure averaged at 956.3 ± 2.3 mBar, and the average wind 
speed was 4.2 ± 2.6 m/s. 
 
Figure 4.7. Hourly wind speed, air temperature, relative humidity, atmospheric pressure and solar 
radiation during ADRIMED/SAF-MED.  
Figure 4.8 shows wind speed and mean ATOFMS particle number dependences on wind 
speed and direction. South-westerly winds prevailed, both in terms of low and high wind 
speeds. North-westerly winds with speeds greater than 10 ms-1 occurred with less 
frequency. Highest ATOFMS particle numbers were associated with gentle breezes from 
the east, with lower numbers also from the north-east and south-east under more moderate 
wind speeds. However, since the site was mainly influenced by regional sources, air mass 
trajectories were of more importance for particle source identification. 
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Figure 4.8. Wind speed rose and wind speed and direction dependences for mean total ATOFMS 
particle numbers and PM10, PM1, BC and total ACSM and PILS mass concentrations during 
ADRIUMED/SAF-MED.  
Five broad periods were identified based on the OPS, ACSM, PM1 and PM10 temporal 
profiles (Figure 4.21); clustered HYSPLIT 120 hr back-trajectories for each period 
(Figure 4.9) were used to determine which air masses influenced the ATOFMS 
measurements, and temporal profiles for particle numbers and mass concentrations have 
been labelled with these air mass origins.  
Period 1 displayed a variety of air mass pathways, most of these short-range regional. 
48% of trajectories during this period resided over the Mediterranean Sea for more than 
half of their travel time to the site. This is indicative of air mass stagnation and the 
recirculations typical of the Mediterranean in the summer. 29% of trajectories resided 
over France, 12% over the North Atlantic and the remaining 9% over Spain prior to 
reaching the site.  
Period 2 was dominated by North Atlantic air masses; 35% arrived at the site via the north 
of Spain/south of France, while another 35% passed over the UK and France. 24% of 
trajectories resided over Spain and the remaining 6% resided over France.  
Period 3 was dominated by air masses which resided over France (60%), while a further 
34% originated over the North Atlantic and the UK, but also passed over most of France 
before reaching the site. The remaining 6% resided over northern Italy and Croatia.   
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Period 4 was characterised by a variety of air masses; 49% (~12 days of sampling) 
circulated over the Mediterranean Sea, as for Period 1. 18% of trajectories resided over 
northern Italy and Croatia, 15% over eastern Europe (Hungary, Ukraine, Romania), 9% 
over France, 4% over Spain, 2% over Spain and northern Africa, 1 % over central Europe 
(Germany, Switzerland) and 1 % over the North Atlantic and the UK. The trajectories 
over Spain and northern Africa are the only set to potentially carry Saharan dust to the 
site at an altitude of 500 m AGL.  The trajectories end near the Strait of Gibraltar and the 
north coast of Africa, but it is well documented that much of the Saharan dust is delivered 
to the Mediterranean from the west, in a loop from the desert to the south.  
Period 5 was characterised by air masses influenced by central Europe (43%: France, 
Germany, Switzerland, northern Italy) and circulations over the Mediterranean Sea 
(39%). 13% of trajectories resided over the North Atlantic and the UK and the remaining 
4% over northern Italy.  
In summary, Period 1 was dominated by recirculating air masses over the Mediterranean 
Sea, Period 2 by North Atlantic air masses, Period 3 by trajectories residing largely over 
France, Period 4 mostly by Mediterranean recirculations and a variety of other 
trajectories, and Period 5 by Mediterranean recirculations and by continental Europe air 
masses. The sampling site was therefore influenced by long-range North Atlantic marine 
emissions and European emissions which were then recirculated over the Mediterranean 
Sea, with relatively infrequent input from the Sahara.   
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Figure 4.9. Cluster analysis of 120-hour back trajectories ending at Cap Corse sampling site, at 
500 meters above ground level, every 1 hour, for the five periods identified during ADRIMED/ 
SAF-MED. 
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4.3.2 PARTICLE NUMBER AND MASS CONCENTRATIONS 
Ground-based measurements show PM1 (average ~7 μg/m3) mass accounted for 86% of 
the total PM10 mass (average ~13 μg/m3) at the Ersa site between 12th June and 7th August 
2013. The bulk of the PM1 mass fraction can be described by relatively few chemical 
components: combined, the ACSM species and BC from the MAAP account for most of 
the PM1 mass (68%). Despite the fact that the PILS measures PM10, the combined mass 
of PILS species was not dissimilar from that of the total ACSM mass (Figure 4.10). PILS 
mass concentrations only exceeded those of the ACSM during periods of elevated sea salt 
concentration (ACSM, BC, PILS, PM10 and PM1 data analysed by Jean Sciare, LSCE). 
The total reconstructed ATOFMS mass correlated moderately with PM1 mass (R
2=0.44) 
and well with the total ACSM mass (R2=0.71), despite not detecting particles <300 nm 
during ADRIMED and <500 nm during SAF-MED.  
 
Figure 4.10. Hourly mass concentrations of PM10, PM1, ACSM, PILS, ATOFMS and BC. 
A breakdown of PM10 mass can be found in Figure 4.11. For the majority of the sampling 
period, organics (36%), sulfate (16%) and ammonium (10%) constitute most of the PM10 
mass. Calcium makes a smaller (7%) but consistent contribution throughout, while 
sodium, chloride and magnesium (together 9%) dominate during a clear sea salt event 
between 23rd and 26th June and to a lesser extent on the 30th July. BC (4%), nitrate (5%), 
potassium (0.4%), methanesulfonate (MSA) (0.2%) and oxalate (0.1%) contribute 
relatively little mass. Fossil fuel emissions, transported from population centres around 
the Mediterranean, therefore appear to have a much smaller contribution to PM10 mass 
than secondary aerosols in the form of organics and ammonium sulfate. 13% of PM10 
mass remains unattributed.  
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Figure 4.11. Breakdown of PM10 mass using BC (MAAP), PILS species and Org (ACSM). 
Hourly particle number concentrations measured by SMPS and OPS are shown in Figure 
4.12. Hourly average SMPS and OPS number concentrations for ADRIMED/SAF-MED.. 
For clarity, size bins have been grouped into larger size ranges based on similar profiles. 
SMPS number concentrations averaged ~1900 cm-3, with a range of 470-7700 cm-3; the 
15 nm – 0.175 μm bin accounted for most of these numbers (79%). Peak numbers of 15 
nm - 0.175 μm particles coincided with an extended period of North Atlantic marine air 
masses, while 0.175-0.3 μm particles decreased during this period. Maximum number 
concentrations for this bin were found during Period 4, a period of extended alternating 
regional transport and stagnation over the Mediterranean which appears to have allowed 
both particle number and mass concentrations to accumulate.  
OPS number concentrations averaged 45 cm-3, with a range of 3-137 cm-3; the 0.3-0.579 
μm bin accounted for most of these numbers (98%). Peak number concentrations in the 
0.3-0.579 μm range occurred during Period 4; almost all of July was characterised by 
higher concentrations of these size particles relative to other size ranges. Concentrations 
then decreased sharply on the 29th July, indicating a change in air mass regime, and 
remained relatively low for the remainder of the sampling period. The trends between 0.3 
and 8.032 μm were similar throughout July, however peak number concentrations in 
0.579-2.156 μm and 2.156-8.032 μm particles did not occur during this period. Peaks 
were instead observed between 22nd and 25th June for 0.579-2.156 μm, with similar 
profiles during this period for 2.156-8.032 μm; number concentrations in this range 
peaked during a 6 hour event on the 29th July. Two short (a few hours) dust events on the 
25th of June and 25th July characterised the profile of 8.032-10 μm particles.   
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Figure 4.12. Hourly average SMPS and OPS number concentrations for ADRIMED/SAF-MED. 
Effective reconstruction of ATOFMS mass concentration relies on number concentration 
data that reflects and agrees reasonably with mass measurements from other instruments 
e.g. TEOM or AMS/ACSM. Good correlations were found between the temporal trends 
of 0.3-0.579 μm number concentrations (which accounted for most of the total OPS 
particles) and several other measurements (Table 4.2): PM1 (R
2=0.54), total ACSM mass 
(R2=0.82), MAAP BC (R2=0.57) and PILS sulfate (R2=0.6), suggesting that the OPS was 
measuring the same particles from the same sources as the mass-based instruments.  
Table 4.2. Correlations (R2) between particle number concentrations and mass concentrations.  
 Mass Concentrations (μg/m3) 
SMPS & OPS 
(#/cm3) 
PM1  
(TEOM) 
BC                  
(MAAP) 
Total 
ACSM 
Org 
(ACSM) 
SO4 
(ACSM) 
NH4 
(ACSM) 
SO42- 
(PILS) 
NH4+ 
(PILS) 
Na+ 
(PILS) 
Cl- 
(PILS) 
Mg2+ 
(PILS) 
0.175-0.3 µm 0.41 0.63 0.81 0.67 0.72 0.69 0.59 0.42 0.13 0.15 0.18 
0.3-0.579 µm 0.54 0.57 0.82 0.68 0.71 0.70 0.60 0.46 0.10 0.11 0.14 
0.579-2.156 µm 0 0 0 0 0 0 0 0 0.68 0.68 0.66 
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4.3.3 PARTICLE CLASSES 
Over 1.2 million single particle mass spectra were generated by the ATOFMS during the 
sampling period and clustered using the K-means algorithm (K=80), as described in detail 
elsewhere (Healy et al., 2009, 2010; Gross et al., 2010). 27 distinct ATOFMS particle 
classes were identified and subsequently grouped into 8 general categories for clarity. The 
contribution to total particle number and mass concentration of all particle classes can be 
found in Table 3.3.  
While the aerosol mixing state is varied, only a few particle classes make up the bulk of 
particle numbers. The Na-rich category is dominated by Sea salt-aged particles, the EC 
category by EC-SOX particles, the K-rich category by K-SOX particles, the Amines 
category by K-TMA and EC-TMA particles, the OC-containing category by OC particles 
and the V-rich category by V particles.  
Table 4.3. Detailed composition of ATOFMS dataset during ADRIMED/SAF-MED, by particle 
classes. 
Category Particle Class 
No. of 
Particles 
% of Total 
Ionised 
% Particles 
with negative 
spectra 
% of Total 
ATOFMS Mass 
Peak Aerodynamic 
Diameter (µm) 
EC 
EC-SOX 329555 28 3 22 0.74 
EC-Oxalate 15462 1 0.5 1 0.72 
EC-K 40666 3 16 4 0.76 
EC-K-SOX 13627 1 76 5 0.74 
EC-K-Oxalate 23399 2 0.3 1 0.74 
K-EC-NOX 1391 0.1 100 7 0.74 
K-EC-SOX 57553 5 100 4 0.85 
K-EC-Oxalate 161225 13 0.3 7 0.74 
K-rich 
K-CN 41740 3 35 17 0.76 
K-NOX 12078 1 100 1 0.91 
K-SOX 296512 25 9 3 0.85 
K-SOX-Oxalate 28754 2 100 2 0.97 
K-Aluminosilicate 3797 0.3 21 2 0.91 
K-Na 2500 0.2 14 1 0.79 
Na-rich 
Sea salt-fresh 26175 2 68 6 1.54 
Sea salt-aged 69566 6 59 3 1.81 
Na-EC 1415 0.1 100 3 0.59 
Amines 
K-TMA 25603 2 0 1 0.74 
EC-TMA 19688 2 0.3 1 0.78 
OC-TMA 3734 0.3 18 0.5 0.70 
OC-rich 
OC 13323 1 2 2 0.74 
OC-NOX 1368 0.1 100 0.2 0.66 
OC-SOX 7435 1 95 1 0.64 
V-rich 
V 9810 1 9 2 0.70 
EC-V 3827 0.3 43 1 0.69 
Fe-rich Fe 2199 0.2 71 0.5 0.88 
Ca-rich Ca 2400 0.2 82 1 1.08 
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EC 
Eight EC particle classes were identified during ADRIMED and SAF-MED, together 
comprising ~53% of the total ATOFMS counts. EC-SOX and K-EC-Oxalate classes 
dominated, contributing 52% and 25% respectively to the EC category and 27% and 13% 
to the total particle counts (Figure 4.13). Average mass spectra are shown in Figure 4.13. 
All of the EC classes were characterised by elemental carbon fragments ions 12,24,36,..Cn
+ 
in the positive mass spectra. EC-SOX and EC-Oxalate did not contain 
39K+, indicating 
they are most likely from fossil fuel combustion (coal/oil burning or traffic). EC-K, EC-
K-SOX and EC-K-Oxalate were characterised by a stronger signal for 
36C3
+ relative to 
39K+; similar particles have previously been attributed to coal combustion (Healy et al., 
2010). K-EC-NOX, K-EC-SOX and K-EC-Oxalate produced stronger signals for 
39K+ 
relative to 36C3
+, which is usually associated with biomass burning emissions.  
Sulfate (97HSO4
-) dominated the SOX classes, but was also present to a lesser extent in 
the other six classes. Despite the average spectra for the EC classes showing large signals 
for sulfate and nitrate (46NO2
-, 62NO3
-) most of the particles in these classes produced no 
negative ion spectra or only weak negative ion signals (due to the detector issues 
described in Section 2.3). It is therefore not possible to definitively describe their mixing 
state; however certain conclusions can still be drawn from their temporal profiles. Even 
with a fully functioning detector, less nitrate, or weaker signals for these species, relative 
to sulfate was expected given the high temperatures; nitrate mixed with EC is usually in 
the form of ammonium nitrate, which is more volatile than ammonium sulfate (Sciare et 
al., 2008; Querol et al., 2009a).  
A smaller signal for MSA, 95CH3SO3
- (Neubauer et al., 1997), relative to sulfate was 
found in the K-EC-SOX class, indicating processing with marine emissions (Gaston et al., 
2010). The oxalate classes are characterised by their signal at m/z -89, a marker for 
deprotonated oxalic acid (Yang et al., 2009) and aged aerosol. Very small signals for 
ammonium (18NH3
+), not marked in the mass spectra, were found in all but the EC-
Oxalate class.  
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Figure 4.13. Average mass spectra for EC particle classes observed during ADRIMED/SAF-MED. 
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OC-rich 
Three OC-containing particle classes were observed during ADRIMED and SAF-MED; 
OC and OC-SOX particles constitute most of this category, contributing 60% and 29% 
respectively.  Average mass spectra are shown in Figure 4.14. OC, OC-NOX and OC-SOX 
are characterised by a large signal for 39K+ (confirmed by prominent signal for the 41K+ 
isotope), hydrocarbon fragments (27C2H3
+, 29C2H5
+, 51C4H3
+, 63C5H3
+) in the positive 
mode and strong signals for 43C2H3O
+, a marker for oxidised organic aerosol (Silva & 
Prather, 2000). The dominance of 39K+ in the OC classes suggests a biomass burning 
origin (Silva et al., 1999; Pagels et al., 2013).  
Sulfate was found in all three OC-containing classes, but dominated the negative mass 
spectra of OC-SOX particles. OC-SOX particles also exhibited a small MSA (
95CH3SO3
-) 
signal. Nitrate dominated the OC-NOX class and was also present to a lesser extent in the 
OC and OC-SOX classes. OC particles, which produced the strongest signal for 
43C2H3O
+, 
exhibited further signs of ageing as oxalate (89(COO)2H
-) was found in their negative ion 
mass spectra.   
 
Figure 4.14. Average mass spectra for OC-containing particle classes observed 
during ADRIMED/SAF-MED. 
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K-rich 
Six K-rich particle classes were identified during the sampling period; average mass 
spectra are shown in Figure 4.15. The positive ion mass spectra for K-CN, K-NOX, K-SOX, 
K-SOX-Oxalate and K-Aluminosilicate classes are exclusively dominated by 
39K+, typical 
of biomass burning particles detected by ATOFMS (Silva et al., 1999; Qin & Prather, 
2006; Pratt et al., 2010; Lea-Langton et al., 2015), while K-Na also produced signals for 
23Na+ and 56Fe+.  
Sulfate (97HSO4
-) dominates the negative ion mass spectra of the K-SOX and K-SOX-
Oxalate classes, with additional MSA (95CH3SO3
-) and oxalate (89(COO)2H
-) signals in 
K-SOX and K-SOX-Oxalate particles respectively. 
26CN-, internally mixed carbon and 
nitrogen, probably in the form of nitrogen-containing organic compounds (Silva et al., 
1999), dominates the negative ion mass spectra of K-CN particles and is present with less 
intensity in the other K-rich classes. The same can be said of nitrate (46NO2
-, 62NO3
-), 
which characterises K-NOX particles. A strong signal for 
43AlO- and 76SiO3
-, typical 
components of mineral dust (Silva et al., 2000; Guazzotti et al., 2001b; Sullivan et al., 
2007), characterised the K-Aluminosilicate class, though EC fragments were also present 
in the negative ion mass spectrum. EC fragments were found in all K-rich negative ion 
mass spectra, indicating either biomass combustion emissions or mixing with these 
emissions in the case of K-Aluminosilicate.  
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Figure 4.15. Average mass spectra for K-rich particle classes observed during 
ADRIMED/SAF-MED.   
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Na-Rich 
Two sea salt particle classes were identified during the ADRIMED and SAF-MED 
sampling periods; fresh sea salt and an aged class. Together, these two classes account 
for ~ 8% of all ionised particles, and were distinguished from each other based on their 
composition (Figure 4.16). Fresh sea salt was characterised by the presence of 81,83Na2Cl
+, 
58NaCl- and 93,95NaCl2
- (Gard et al., 1998a), though some chloride replacement with 
nitrate occurred before detection as evidenced by signals at 46NO2
- and 62NO3
-. However 
the aged particles contained less chloride as they produced no signals for NaCl adducts. 
Two further classes dominated by 23Na+ were classified but each only contributed 1% to 
the Na-rich category. Na-EC particles were characterised by EC fragments in the positive 
and negative ion mass spectra, along with a strong signal for sulfate. Soot mixed with sea 
salt has been observed in previous studies during long-range transport episodes and likely 
forms by coagulation processes occurring during transport (Holecek, Spencer and Prather, 
2007; Spencer et al., 2008; Ault et al., 2009). 
 
Figure 4.16. Average mass spectra for Na-rich particle classes observed during 
ADRIMED/SAF-MED. 
The ATOFMS dataset was also queried for iodine and bromine with a relative peak area 
of > 0.001; only 25 particles were found to contain iodine and 53 contained bromine.   
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Amines 
Three amine-containing particle classes were identified from the general K-means 
clustering approach. The most abundant classes were K-TMA and EC-TMA, which each 
accounted for 2% of all ATOFMS particles ionised, and 52% and 40% respectively of all 
Amine particles. Trimethylamine (TMA, 59(CH3)3N
+,) was the most abundant alkylamine 
marker ion. Also present in all three classes was a marker ion for protonated 
dimethylamine (DMA, 46(CH3)2NH2
+), previously unidentified in other ATOFMS 
datasets to the best of this author’s knowledge. A comparison of ATOFMS datasets 
obtained in Cork, Paris, Zurich, and those obtained for NANO-INDUS and 
ADRIMED/SAF-MED found this ion only in the latter two datasets. Ammonium 
(18NH4
+) was also found in all three Amine classes.  
The K-TMA class was dominated by 39K+, indicative of biomass burning, while EC-TMA 
particles produced 12, 36Cn
+ signals, indicating fossil fuel combustion origins. OC-TMA 
particles are characterised by strong 39,41K+, OC (27C2H3
+) and oxidised OC (43C2H3O
+) 
signals, suggesting biomass burning sources and atmospheric processing during transport 
to the site.  
 
 
 
Figure 4.17. Average mass spectra for Amine particle classes observed during 
ADRIMED/SAF-MED. 
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Sulfate (97HSO4
-) and nitrate (46NO2, 
62NO3, 
125H(NO3)2
-) were found in the negative mass 
spectra of EC-TMA and OC-TMA, however only 0.3% and 18% of these particles actually 
produced negative mass spectra and K-TMA particles produced none. Alkylaminium 
sulfate particles have been shown to readily absorb water at low relative humidities (< 
45%) (Chan & Chan, 2013; Hu et al., 2014), while particle-bound water has been shown 
to suppress negative ion formation in mass spectrometers (Neubauer et al., 1997, 1998). 
The proportion of Amine particles with negative mass spectra is low, even considering 
the negative ion detection issue, 100% of particles in other classes (K-EC-SOX, K-SOX-
Oxalate) produced negative mass spectra. This suggests particle-bound water could have 
had a significant effect on negative ion formation for these particles.  
The average negative mass spectra should therefore not be considered representative of 
all particles in these classes. Healy et al. (2014) found MSA internally mixed with EC-
TMA and K-TMA particles. However, on close inspection of their mass spectra the 
majority of these were found to be poor quality, with m/z -97 frequently miscalibrated as 
m/z -95. The resulting average mass spectrum of these particles would contain peaks for 
both m/z -97 and -95, which initially suggests the particles contain both HSO4 and MSA. 
The presence of MSA in TMA and other amine-containing particles is however possible, 
as indicated by laboratory studies of particle formation and growth from reactions 
between MSA, TMA (or methylamine and DMA) and water (Chen et al., 2015b, 2015a).  
V-rich 
Two particle classes rich in vanadium were observed during ADRIMED and SAF-MED 
sampling periods; V and EC-V particles accounted for 61% and 39% of the V-rich 
category and 1% and 0.3% of total ATOFMS particles ionised. Average mass spectra for 
these classes are shown in Figure 4.19. 51V+, 67VO+, 56Fe+, 58Ni+ and sulfate (97HSO4
-) are 
typical markers for particles emitted by ships or oil refineries (Ault et al., 2009; Healy et 
al., 2009) and are present in both V-rich classes. The ratio of V to Ni in residual fuel oil 
is ~2.5 (Murphy et al., 2009), however only small signals for Ni have been seen in 
shipping/oil combustion particles (Ault et al., 2009; Healy et al., 2009) indicating low 
sensitivity of the ATOFMS for this species. Nebulising a standard solution containing 
both V and Ni at equal concentrations confirms this, as ATOFMS mass spectra with a 
strong signal for 51V+ but only a weak signal for 58Ni+ are produced (Healy et al., 2009). 
V particles were dominated by nitrate relative to sulfate and also contained oxalate 
(89(COO)2H
-), indicating aged emissions. A small signal for MSA (95CH3SO3
-) was 
present in EC-V particles. Internally mixed sodium, potassium, calcium, vanadium, nickel 
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and iron particles have also been observed in ship exhaust particles using off-line TEM-
EDX and two-step laser mass spectrometry (L2MS) (Moldanová et al., 2009). Small 
signals for 39K+ and 23Na+ were found in the Corsica V-rich particles, but none for 40Ca+.  
 
Figure 4.18. Average mass spectra of V-rich particle classes observed during 
ADRIMED/SAF-MED. 
The mass spectra of the EC-V and V classes were also similar to those of regionally 
transported shipping particles (labelled V-Ni-Fe) found by Ault et al. (2009), and which 
were strongly associated with an ECOC class. These were the only two classes attributed 
to shipping or refinery emissions in this region at the time of sampling. A large number 
of these did not produce negative spectra; the authors suggested this was a result of 
significant chemical aging during transport where the particles accumulated water, which 
can suppress negative ion formation (Neubauer et al., 1997, 1998). The larger size (0.5 – 
1 µm) and the presence of sulfate and nitrate in the limited number of particles with 
negative spectra supported this aging. Despite transport from the LA port over ~125 km 
along the California coast to the sampling site, these V-Ni-Fe particles did not appear to 
contain MSA, a significant difference to the Corsican V-rich classes, as both of these 
displayed small signals for MSA (MSA is discussed in more detail in Section 4.3.5). 
Fe-rich and Ca-rich 
Fe and Ca, along with Al and aluminosilicates are typical dust tracers which produce ions 
detectable by ATOFMS (Silva et al., 2000; Guazzotti et al., 2001b; Sullivan et al., 2007). 
K-rich dust is also a possibility. The Fe particles detected in Corsica were internally 
mixed with 39K+, 23Na+, 27Al+, sulfate (97HSO4
-) and nitrate, although only a weak signal 
for 27Al+ and no aluminosilicate signals (e.g. 43AlO−, 59AlO2
−, 60SiO2
−, 76SiO3
−, 77HSiO3
−, 
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103AlSiO3
−) were found, which could also suggest industrial origins (Dall’Osto et al., 
2008; Zhang et al., 2009b; Corbin et al., 2012).  
Ca particles are dominated by 40Ca+, with weaker signals for 56CaO+ and 96Ca2O
+.  34% 
of all Ca particles produced positive EC ions, which probably represents vehicular traffic 
(Silva & Prather, 1997; Gross et al., 2000; Song et al., 2001) to and from the site and from 
a few local villages whose tourist population increases during the summer. The remainder 
are then likely to be mineral dust.  
  
 
Figure 4.19. Average mass spectra of Fe and Ca-rich particle classes observed 
during ADRIMED/SAF-MED. 
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4.3.4 PARTICLE SOURCES 
Temporal profiles for the 8 ATOFMS particle categories are shown in Figure 4.20. 
Elemental carbon (EC) dominated the dataset (53% of total spectra), followed by K-rich 
particles (32%) and Na-rich (mostly sea salt) (8%). The remaining particle categories 
include Amines (4%), OC-rich (2%), V-rich (1%), Fe-rich (0.2%) and Ca-rich (0.2%). A 
temporal profile for all ATOFMS particle numbers, which highlights the down-time of 
the instrument, is shown in Appendix III (Figure 9.1).  
 
Figure 4.20. Time series of hourly unscaled particle numbers for the general ATOFMS particle 
categories observed during ADRIMED/SAF-MED.  
The temporal profiles for the particle categories vary with the five meteorological periods 
described above. EC particle numbers were most abundant during Periods 1, 3 & 4 and 
dominated over K-rich particles (associated with biomass burning and dust) initially 
(Period 1); during later periods (3 & 4) their profiles are more similar, with K-rich 
particles peaking from 27 – 28th June. The profiles of both these categories suggest 
transport from regional sources, and a moderate overall correlation between them was 
found (R2 = 0.42 overall, 0.80 for Period 4). Sea salt particle numbers were at their highest 
during periods where EC particles were at their lowest (Periods 2 & 5), and were generally 
low when EC particle numbers were high. OC-rich particles were present during the same 
period K-rich numbers peaked, suggesting an association with the transport of biomass 
burning particles. Aside from this event, the profile is not similar to any of the others and 
counts for this category were low, suggesting a less regional source, independent of the 
air masses influencing EC and sea salt particle occurrence. Amine particles were 
concentrated during the latter half of Period 4 (SAF-MED) and exhibited a similar profile 
to EC particles at this time (R2 = 0.69). V, Fe and Ca-rich particles contribute very little 
to the total ATOFMS particle numbers, but were present throughout the two campaigns, 
154 
 
with Ca-rich numbers peaking during the same K-rich and OC-containing event. V-rich 
particles are typically associated with shipping emissions, while Fe and Ca are common 
components of mineral dust.  
Reconstructed mass concentrations for the 8 ATOFMS particle categories are shown in 
Figure 4.21. Total ATOFMS mass correlates strongly over the full sampling period with 
SMPS number concentrations from 174.7-495.8 nm (R2=0.72), OPS number 
concentrations from 300-579 nm (R2=0.71), total ACSM mass concentrations (R2=0.71), 
and moderately with mass concentrations of PILS SO4
2- and NH4
+ (R2=0.58, 0.44), the 
ACSM factor SV-OOA (R2=0.58), BC (MAAP) (R2=0.55) and PM1 (R
2=0.44).  
 
Figure 4.21. Time series of hourly reconstructed ATOFMS mass concentrations of major particle 
categories observed during ADRIMED/SAF-MED. 
ATOFMS species account for a reasonable proportion of PM10 mass, particularly during 
Period 4 (70-90%), despite the aerosol composition being dominated by organics, sulfate 
and ammonium, species which the ATOFMS often underestimates (Thomson et al., 1997; 
Kane & Johnston, 2000; Silva & Prather, 2000). This suggests the mixing state and 
sources of these species can be explained to some degree by the ATOFMS particle 
classes. ATOFMS particles account for relatively little of the PM10 mass during periods 
when sea salt is abundant, which is expected given the upper size limit (3 μm) of the 
instrument and the drop in detection efficiency for supermicron particles (Cahill et al., 
2014). Much of PM10 mass during the first sea salt event (20-26
th June, 30th July) was 
unaccounted for by any of the PILS or ACSM species. Given the prevalence of Na, Cl, 
Mg and Ca during this period, it is likely that iron and aluminosilicates represent some of 
this unidentified mass. The ATOFMS is capable of detecting these species, but as 
components of mineral dust, they are also largely out of the instrument’s size range. 
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Similar to particle number contributions, EC (52%), K-rich (23%) and Na-rich (12%) 
particles constitute most of the reconstructed ATOFMS mass.  
Regionally Transported Combustion 
Temporal profiles for hourly summed counts for EC and major K-rich classes are shown 
in Figure 4.22. There are two main types of profile; that of EC-SOX, EC-K and EC-
Oxalate, and that of K-SOX, K-EC-Oxalate, K-EC-SOX, K-CN and EC-K-Oxalate. The 
former dominated Period 1 and were considered markers for fossil fuel combustion as 
most of these did not contain 39K+. Their particle numbers remained at relatively constant 
levels throughout the campaigns. For the first half of Period 1 regional air masses passed 
over France (including Marseille’s heavy industries) and northern Italy (including the 
industrialised Po Valley) before reaching the site, while during the latter half of this period 
these air masses were then recirculated over the western Mediterranean (Appendix III, 
Figure 9.5).  
 
Figure 4.22. Time series of hourly unscaled particle numbers for ATOFMS EC and major K-rich 
particle classes observed during ADRIMED/SAF-MED. Temporal profiles have been stacked so 
relative contributions can be compared. 
On the other hand K-rich particles, markers for biomass combustion, dominated Periods 
3 and 4. Particle numbers for all EC and major K-rich classes decreased noticeably during 
Periods 2 and 5, which were influenced by synoptic scale air masses from the North 
Atlantic, effectively cleaning out the aerosols accumulated during the previous periods. 
Fires were detected by MODIS (Figure 4.24) over northern Italy throughout the sampling 
period and the site was heavily influenced by air masses passing over this region (Figure 
4.9), which could explain the constant presence of K-rich particles in the background 
aerosol. The increase in these particles during Period 3 may be explained by longer 
residence times of air masses over southern France and northern Italy relative to Period 
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1, and particle numbers then began to decrease when trajectories from the North Atlantic 
and UK arrived at the end of Period 3.  
The three Amine particles classes, K-TMA, EC-TMA and OC-TMA, presented similar 
temporal profiles (Figure 4.23) to those of major EC and K-rich particles classes shown 
in Figure 4.22. Numbers of K-TMA and EC-TMA particles peaked during Period 4, while 
K-TMA particles dominated over EC-TMA particles during Period 3, as was the case for 
the major K-rich and EC classes. The dominant Amine class, K-TMA, correlated well 
with two major classes, K-SOX and K-EC-Oxalate, particularly during Period 4 (R
2=0.76, 
0.7 respectively). Alkylamines have been found enriched in particles during periods of 
high relative humidity or fog events, with uptake onto existing particles that increased 
with increasing aerosol acidity (Rehbein et al., 2011). No association between any of the 
Amine classes and relative humidity was found, suggesting that if this had an effect it did 
so during transport of the Amine particles to the site. It also indicates that the Amine 
particles were not formed locally at the site.  
 
Figure 4.23. Time series of hourly unscaled particle numbers (stacked) for Amine particle classes 
observed during ADRIMED/SAF-MED. 
A significant increase in fires was detected around the Black Sea from 10th July until the 
end of the sampling period (Figure 4.24). The burning of wheat residuals has been 
previously documented in this area and contributed at least 30% of EC and OC measured 
during similar time periods between 2001-2006 (Sciare et al., 2008). For ~4 days during 
Period 4, air masses from over the Black Sea and eastern Europe influenced the site, 
followed by extensive stagnation and recirculation of that air over the western 
Mediterranean. These observations coincided with a further increase in K-rich particle 
numbers relative to Period 3, levels which likely would have been higher had the 
ATOFMS not been limited to detecting particles >500 nm aerodynamic diameter. 
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Figure 4.24. Locations of fires detected by MODIS on board the Terra and Aqua satellites over 10-day periods. Each coloured 
dot indicates a location where at least one fire was detected. (http://lance-modis.eosdis.nasa.gov/cgi-bin/imagery/firemaps.cgi)
20th-29th June 
30th July-8th August 
10th -19th July 30th June-9th July 
20th -29th July 
10th-19th June 
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Ageing of these biomass burning emissions was supported by elevated numbers of 
oxalate-containing particles, relative to Period 1, and occurred under low wind speed and 
diffuse wind direction conditions (Figure 4.25). In general, most EC and major K-rich 
particle classes were associated with low wind speeds, and dependences on speed and 
direction were similar for most of these classes.  
Size-resolved particle number distributions for major EC and K-rich classes (EC-SOX and 
K-SOX were representative of other smaller classes) were consistent with aged 
combustion particles (Appendix III, Figure 9.14). The majority of EC-SOX particles were 
between 400-800 nm, with particle numbers peaking around 500 nm for the first half of 
the campaign. The K-SOX class displayed a peak aerodynamic diameter of 850 nm. K-
EC-Oxalate particle numbers also peaked around 700 nm for the same period, while EC-
SOX particles of a similar size were seen after numbers of K-SOX and K-EC-Oxalate began 
to decrease (5-7th July). A further shift in EC-SOX size to around 900 nm was evident at 
the end of the campaign.  
For the full sampling period reconstructed mass concentrations of all ATOFMS EC 
particle classes correlated well with ACSM SO4
2 (R2=0.61), NH4
+ (R2=0.62) and the SV-
OOA factor (R2=0.63) mass concentrations (which accounted for most of the organics 
mass), OPS 0.3-0.579 μm number concentrations (R2=0.69) and moderately with PM1 
(R2=0.46), BC (MAAP) (R2=0.5), and AMS SO4
2 (R2=0.56) and NH4
+ (R2=0.6) (only 
present during SAF-MED) mass concentrations. Reconstructed mass concentrations for 
all K-rich classes (including local combustion) correlated with the same species but only 
moderately (R2 ranged from 0.3-0.5). Individual particle classes did not produce stronger 
correlations, suggesting no one class was representative of the majority of PM2.5 
composition. 
The average mass spectra of the ATOFMS classes showed sulfate, nitrate, oxalate and 
MSA were present. However many of these particles did not actually produce negative 
mass spectra and the frequency of spectra that contained those species was low. It is 
therefore not possible to describe with confidence the internal mixing state of EC and K-
rich particles with secondary species.
159 
 
 
 
Figure 4.25. Wind speed and direction dependences of mean particle numbers for major EC and K-rich ATOFMS particle classes for each 
period during ADRIMED/SAF-MED. 
EC-SOX 
K-EC-Oxalate 
K-SOX 
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From the PILS and ACSM measurements it was clear that ammonium and sulfate were 
the dominant secondary inorganic ions, with nitrate contributing relatively little to both 
PM1 and PM10 mass. K
+, oxalate and MSA contributed considerably less to PM10 than 
nitrate, indicating that even if all EC and K-rich MSA and oxalate classes actually 
contained these species (which could not be concluded from the mass spectra) they would 
not have contributed substantially to the mass. PILS measurements indicate that K+ mass 
concentrations were also not an important component of PM10, which initially seems at 
odds with the ATOFMS EC and K-rich particle composition. However, K+ is readily 
ionised by the ATOFMS desorption/ionisation laser so its prevalence in these particles is 
not representative of its mass concentration.  The high level of agreement between EC 
and K-rich particles, BC and major ACSM species suggests those particles were 
comprised to a considerable degree of SV-OOA, as is apparent from Figure 4.26. 
 
Figure 4.26. Hourly mass concentrations of PM10, BC, ACSM Org, SO4 and NH4 and 
reconstructed ATOFMS EC and K-rich categories. BC and ACSM species profiles are stacked, 
as are both ATOFMS categories, but separately. This compares the ATOFMS mass 
concentrations with the total of BC and ACSM species.  
However, no significant OC signals were found in any of the EC or K-rich classes, and 
particles with strong signals for OC in their positive mass spectra resolved themselves 
into classes which contributed relatively little to total ATOFMS particle numbers. 
Similarly to 39K+, the ATOFMS favours ionisation of EC over OC (Silva & Prather, 2000; 
Ferge et al., 2006), which may account for the under-representation of organic aerosol in 
the ATOFMS measurements. The ATOFMS dataset was queried for particles containing 
OC fragments C2H3
+ and C2H3O
+, which then accounted for 28% of all ATOFMS 
particles. After clustering these results the classes K-EC-Oxalate, K-SOX, EC-SOX and K-
EC-SOX were found to contribute most of these OC-containing particles (22%, 19%, 14% 
and 13% respectively), with the remainder belonging to the other EC and K-rich classes 
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and OC-rich, V-rich and EC-TMA, K-TMA, OC-TMA classes. SV-OOA accounted for 
~62% of the ACSM organics, and correlated well with the LV-OOA factor (33%); 
correlations of EC (R2=0.42) and K-rich (R2=0.32) particles with LV-OOA were weaker 
compared to those with SV-OOA.  
In general, atmospheric SV-OOA corresponds to fresh SOA that evolves into LV-OOA 
with additional photochemical processing (Jimenez et al., 2009). LV-OOA and SV-OOA 
accounted for 85% of the total OA observed by (Minguillón et al., 2015) in Montseny, 
Barcelona; large increases in SV-OOA concentrations relative to BC at midday were 
found, which were attributed to local SOA formation. LV-OOA concentrations did not 
increase to the same degree, indicating a more regional and well-oxidised aerosol, and 
were considered representative of regional background SOA.  
Also observed by Minguillón et al. (2015) was an underestimation of the relative 
ionisation efficiency of OA measured by the ACSM when this was compared with OC 
collected on filter samples, which resulted in an overestimation of OA by the ACSM. 
This is currently being investigated by the instrument’s manufacturer but does not appears 
to be an issue for the ACSM deployed during ADRIMED/SAF-MED, shown in Appendix 
III (Figure 9.2). OA mass concentrations from the ACSM and AMS are similar for most 
of the period when both instruments were deployed, and both reported higher OA 
concentrations than the thermo-optical analysis of filters.   
A large concentration of ATOFMS particle numbers, specifically the K-SOX, K-SOX-
Oxalate, OC, OC-TMA and Ca classes, was observed from 17:00 on 27th June to 10:00 
on 28th June (Figure 4.27).  
 
Figure 4.27. Time series of hourly unscaled particle numbers for particle classes observed on the 
28th June during ADRIMED/SAF-MED. 
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K-SOX particles were seen throughout the sampling period (Figure 4.22) but the other four 
classes were confined largely to this event. 39K+ is a common marker for biomass 
combustion, which typically also produces organic aerosols (Silva et al., 1999; Qin & 
Prather, 2006; Pratt et al., 2010; Lea-Langton et al., 2015).  
It is likely that these classes represent a regionally transported biomass burning event; 
HYSPLIT trajectories for these two days show air masses residing over northern Italy 
(Appendix III, Figure 9.8) and all four classes displayed a strong dependence on easterly 
winds (Figure 4.28) consistent with the direction of those trajectories. Local combustion 
events produced less particles and during shorter periods than this regional event. Local 
particles were also mostly smaller than these regional ones; K-SOX-Oxalate particle 
numbers peaked around 880 nm, Ca around 1 µm, OC-TMA around 790 nm and OC 
between 740 nm (Appendix III, Figure 9.15).  
 
Figure 4.28. Wind speed and direction dependences for regional combustion particle classes 
observed on the 28th June (ADRIMED). 
Satellite monitoring of wildfire activity from the 26th June and a mean transport time of 
~ 2 days from FLEXPART simulations (Figure 4.29, analysed by Marine Claeys, CNRM-
GAME) suggest particles from a forest fire in northern Italy were transported to the site 
and detected.  
 
Figure 4.29. Flexpart simulations of transport time for air masses arriving at Cap Corse on 28th 
June (Marine Claeys, CNRM-GAME). 
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Local Combustion 
The sampling site on Corsica was chosen for its negligible local sources relative to the 
regional background. However, some local sources did influence the site, though these 
did not contribute significantly to particle number or mass concentrations. Local 
combustion events were detected in the form of K-NOX, OC-NOX, OC-SOX and Na-EC 
particles, and distinguished themselves from the dominating regional aerosol by 
occurring mostly during Periods 1 and 2 over 5-7 hours (Figure 4.30). The first event was 
observed on the 12th June from 13:00-18:00 UTC and its source as biomass burning (in 
the form of vegetation trimmings) visually confirmed on the slopes north-east of the site. 
The composition of these particles is consistent with this observation; K+ is a common 
marker for biomass combustion, which typically also produces organic aerosols. Further 
events were detected on 14th June (05:00-10:00 UTC, 12:00-19:00 UTC), 15th June 
(05:00-10:00 UTC, 13:00-19:00 UTC), 16th June (05:00-11:00 UTC, 15:00-19:00 UTC), 
17th June (05:00-10:00 UTC), 22nd June (02:00-09:00 UTC) and 1st July (05:00-09:00 
UTC), but were not visible from the site. Garden waste biomass was frequently burned in 
the surrounding villages during June; such combustion was prohibited from July onwards 
which explains the lack of similar local events. No local wildfires or controlled 
agricultural burning was noted during the sampling period. Between 27th June and 1st 
July, K-NOX, K-EC-NOX and possibly OC-SOX were of regional biomass burning origins, 
as their temporality was noticeably different to the preceding short local events; this 
period was influenced by short-range air masses residing over southern France and 
northern Italy. K-NOX and OC-SOX particles were also present throughout both 
campaigns, in low numbers outside of events, indicating persistent regional sources.  
 
Figure 4.30. Time series of hourly unscaled particle numbers for particles associated with local 
biomass burning observed during ADRIMED & SAF-MED. 
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Size distributions (Appendix III, Figure 9.14) for K-NOX, OC-SOX and OC-NOX were 
similar and typical for particles produced from inefficient, low temperature combustion, 
with numbers peaking between 300 and 500 nm for most of the local events. Regionally 
transported K-NOX and K-EC-NOX were noticeably larger, peaking between 700 and 900 
nm; this represents a significant amount of growth through ageing, assuming these 
particles were of a similar size at their source to those burned locally in Corsica. Na-EC 
particles can form from combustion processes or through soot mixing with sea salt 
(Holecek et al., 2007; Spencer et al., 2008; Ault et al., 2009); these two distinct sources 
are represented in the size distribution for this class (Appendix III, Figure 9.15). The 
majority of particles were between 300 and 700 nm in diameter, representing local 
combustion, but during certain periods (e.g. 22nd June) a separate mode around 1.5 µm 
was evident, consistent with sea salt coagulation.  
Marine and Dust 
The two ATOFMS sea salt classes presented noticeably different temporal profiles 
(Figure 4.31). Fresh sea salt was detected mostly during short periods (20-26th June, 30th 
July) which coincided with increases in OPS number concentrations in the 0.579-2.156 
μm range and PILS sea salt aerosol (SSA), calculated using SSA=[Cl-]+[Na+]×1.47 
(Bates et al., 2012), and Mg2+ mass concentrations. Correlations between these 
measurements can be found in Table 9.1. Association between ATOFMS fresh sea salt 
numbers and the OPS and PILS sea salt components is weak to moderate (R2=0.3-0.5) 
throughout the whole sampling period, but this strengthened when reconstructed 
ATOFMS mass was compared (R2=0.5-0.8). Correlation between ATOFMS fresh sea salt 
mass and SSA is particularly strong (R2=0.81) for the sea salt event during Period 2, with 
an identical R2 with 0.579-2.156 μm at this time.  
Moderate correlations with Ca2+ and K+ were also observed during this period; from 
Figure 4.31 it is apparent that temporal profiles of these species are similar to those of 
0.579-2.156 μm, with Ca2+ also correlating moderately with 2.156-8.032 μm particles 
(R2=0.54) during Period 1. SSA, Mg2+, Ca2+ and K+ combined constituteed at least 50% 
of PM10 for the majority of the Period 2 sea salt event, with contributions of >80% for 
some hours of the event. ATOFMS fresh sea salt mass accounted for 50-80% of the SSA 
mass during this period, suggesting that a significant amount of sea salt was in the PM2.5 
fraction.  
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Figure 4.31. Time series of hourly ATOFMS sea salt particle numbers, OPS number 
concentrations, PILS SSA, Mg+, NO3-, Ca+ and K+ mass concentrations, and PM10 fractions 
observed during ADRIMED/SAF-MED. 
The majority of ATOFMS aged sea salt particles were detected outside of the fresh sea 
salt events. Neither particle numbers nor mass concentrations of this class correlated with 
any other sea salt markers for the whole sampling campaign. However, some associations 
were found for individual periods (Appendix III, Table 9.1). During Period 1 particle 
numbers and mass concentrations for ATOFMS aged sea salt correlated moderately to 
strongly with SSA and 0.579-2.156 μm particles, while moderate correlations were also 
observed with ACSM SO4
2-, NH4
+ and Cl-. These species were measured in PM1 and 
ammonium sulfate in particular has been shown to contribute significantly to PM levels 
in the Mediterranean during the summer (Rodríguez et al., 2002, 2007; Querol et al., 
2009a). The conditions which favoured the production and accumulation of these species 
during this period also enhanced the replacement of Cl in sea salt to form sodium nitrate 
particles. PILS NO3
- correlated well with ACSM NO3
- (R2=0.65) and NH4
+ (R2=0.51) 
(but not SO4
2-) during Period 1, indicating that ammonium nitrate formation was 
favoured, and strongly with 0.579-2.156 μm particles and SSA during Period 5, 
suggesting aged sea salt/sodium nitrate was being formed. Both fresh and aged ATOFMS 
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particle numbers correlated moderately with PILS NO3
- during this period; it is probable 
that the “fresh” sea salt contained more nitrate at this point than during the Period 2 event.  
Peak SSA mass concentrations were found under high wind speed conditions (Figure 
4.32), with a strong south-westerly dependence. The number of marine particles over the 
ocean is directly proportional to the wind speed (Calvo et al., 2013), and an increase sea 
salt mass concentrations with high wind speed has also been observed  around the 
Mediterranean (Querol et al., 2009a). Both ATOFMS fresh and aged sea salt particle 
numbers also displayed strong dependencies on south-westerly winds, while some aged 
sea salt was also associated with low winds speeds, from multiple directions. The majority 
of trajectories produced with HYSPLIT originated over the North Atlantic during Period 
2, consistent with the dominance of fresh sea salt, while the event during Period 5 was 
influenced by air masses alternating between the North Atlantic origins and recirculations 
over the Mediterranean, consistent with the mixture of fresh and aged sea salt observed. 
 
Figure 4.32. Wind speed and direction dependence for mean PILS SSA, Ca+ and K+ mass 
concentrations, OPS number concentrations and mean ATOFMS sea salt particle numbers (fresh 
and aged sea salt dependence identical) observed during ADRIMED and SAF-MED.  
Coinciding with the sea salt event during Period 2 were increased concentrations of K+ 
and Ca2+ (PILS) mass and 2.156-8.032 μm particle numbers. The association between K+ 
and 0.579-2.156 μm and 2.156-8.032 μm particles (R2=0.68, 0.51), and between Ca2+ and 
0.579-2.156 μm and 2.156-8.032 μm particles (R2=0.53, 0.59) during this period indicates 
0.579-2.156 
µm (OPS) SSA (PILS) 
Ca
+
 (PILS) K
+
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an influence of mineral dust as well as marine emissions. Using Ca2+ and 2.156-8.032 μm 
particles as dust tracers, a mineral dust event was evident from 17th-19th June, prior to the 
sea salt event and not influenced by marine emissions (no increase in SSA or 0.579-2.156 
μm particles). This dust event also coincided with an increase in wind speed, similar to 
that which influenced sea salt levels, and air masses which originated over the south east 
coast of Spain and the north coast of Africa. No increase in K+ concentrations was seen 
during this time; the use of K+ as a dust tracer is complicated by contributions from 
biomass burning, but a lack of association between the two also implies different mineral 
dust sources, as these produce different Ca2+ and K+ content.  
Ca2+ does not correlate with 2.156-8.032 μm particles throughout the sampling period, 
indicating that mineral dust is not the only source. Ca mixed with EC is used as an 
ATOFMS tracer for traffic emissions. Although Ca-EC particles were detected during the 
sampling period, they were not present in statistically relevant numbers. It is likely that 
since traffic emissions are an important component of anthropogenic aerosol in the 
Mediterranean that there were more traffic particles impacting the site than detected, as 
these are usually <300 nm in diameter and that the sizing laser power issues prevented 
effective detection in that range.  
Dust particles detected with an ATOFMS are typically comprised of Fe, Ca and 
aluminosilicates. Ca particle numbers peaked on 28th June around 1 µm, with low 
numbers (~5 particles h-1) outside of this event, even considering the poor AFL 
transmission efficiency for larger particles. This suggests very little of the Ca2+ detected 
by PILS was in PM2.5, and as a result neither ATOFMS Ca particle numbers or mass 
concentrations correlate with any other dust tracers. Similar observations can be made for 
Fe particles, most of which were between 500-900 nm in diameter and very few were 
larger than 1 μm (Appendix III, Figure 9.15). Both were absent during the mixed sea 
salt/mineral dust of Period 2. It is therefore likely that most Fe particles detected by the 
ATOFMS were of regional industrial origin, particularly from the start of the sampling 
period to the beginning of July. Possible K-rich dust classes include K-Aluminosilicate 
and K-Na but the size distributions for K-Na show (Appendix III, Figure 9.15) that not all 
of these particles were likely to be mineral dust. As for the Ca and Fe particles, these 
classes contribute very little to particle numbers, and no correlations with any dust tracers 
were found.  
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Shipping 
Heavy fuel oil combustion aerosols, from power plants and shipping, have a strong 
presence in the Mediterranean (Querol et al., 2009a; Pey et al., 2010). There are more 
than 15 passenger ferry lanes incurring shipping traffic around the northern tip of the 
island; the closest pass is ~16.5 km north and ~12.5 km east of the site (Figure 4.33). 
Ferries travelling around the northern tip and to the east of the site, take approx. one hour 
to reach Bastia and between the ferry companies SNCM, La Méridionale, Moby, Corsica 
Ferries and Sardinia Ferries ~ 50 sailings take place per week.  
 
Figure 4.33. Passenger ferry lanes around the sampling site on Corsica. 
V and EC-V ATOFMS particles both contain tracers for heavy fuel oil combustion. 
Particle numbers for these two classes correlate moderately (R2=0.47) over the whole 
sampling period, suggesting similar sources, and exhibited temporal profiles (Figure 
4.34) typical of the regional emissions characterised thus far.  
 
Figure 4.34. Hourly summed particle numbers for V-rich particles observed during ADRIMED/ 
SAF-MED. 
Both classes displayed strong north-westerly and south-westerly wind dependences 
(Figure 4.35), consistent with the distribution of most ferry lanes (Figure 4.33), under the 
full range of wind speed conditions.  
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Figure 4.35. Wind speed and direction dependences for V-rich particles observed during 
ADRIMED and SAF-MED. 
It was unlikely that any fresh heavy oil combustion emissions were observed with the 
ATOFMS as most freshly emitted shipping particles are between 200-300 nm 
aerodynamic diameter (Healy et al., 2009), and the closest shipping lane is at 12.5 km 
from the site. EC-V and V particle numbers consistently peaked around 740 nm 
aerodynamic diameter (Appendix III, Figure 9.15) indicating that the observed particles 
were aged to some degree. However, no particles smaller than 300 nm were measured by 
the ATOFMS, so the presence of fresh shipping particles at the site cannot be completely 
ruled out.  
Fresh shipping particles were also found by Ault et al. (2010) in the Port of Los Angeles; 
an OC-V-sulfate class was attributed to residual fuel plumes, and a fresh soot class was 
attributed to distillate fuel plumes. Neither class contained nitrate and both were in the 
100-500 nm aerodynamic diameter size range, consistent with fresh fuel combustion 
emissions. No V-rich particles dominated by OC were found during ADRIMED or SAF-
MED; however using the querying approach outlined in Section 4.3.5. 50% of EC-V and 
30% of V particles produced low intensity signals for 27C2H3
+ and 43C2H3O
+. Also 
accompanying soot particles in the distillate fuel plumes were Ca-ECOC particles, 
typically associated with distillate fuel used by light and heavy duty road vehicles 
(Sodeman et al., 2005; Toner et al., 2006), but also agreeing with enhanced calcium mass 
fractions from ships burning distillate fuels compared to residual fuel (Agrawal et al., 
2008a, 2008b). No associations between any EC or Ca classes and V-rich particles was 
found, suggesting distillate fuel is not prevalent in the Mediterranean.  
The mass spectra of the EC-V and V classes were also similar to those of regionally 
transported shipping particles (labelled V-Ni-Fe) found by Ault et al. (2009), and which 
were strongly associated with an ECOC class. No association between V-rich particles 
and any EC or OC-rich classes was found during ADRIMED or SAF-MED. V-rich 
particles contributed 3% to the total reconstructed ATOFMS mass concentrations 
V EC-V 
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(effectively PM2.5), whereas primary shipping particles contributed 2% of mean annual 
PM10 at the north African coast opposite Spain (Viana et al., 2009), 3-7% of PM10 and 5-
10% of PM2.5 around the Straits of Gibraltar (Pandolfi et al., 2011) and 5, 6 and 8% to 
PM10, PM2.5 and PM1 in Barcelona (Amato et al., 2009).  
4.3.5 PROCESSING MARKERS 
As a substantial number of ionised ATOFMS particles produced low intensity signals in 
their negative ion mass spectra, or none at all, the average mass spectra favoured those 
species that ionised most efficiently i.e. nitrate and sulfate. Ions that usually produce small 
signals under optimum detector conditions, such as oxalate or 125H(NO3)2
-, were expected 
to be under-represented in the average mass spectra so an additional querying approach 
was taken to examine the mixing state of these species. The dataset was also queried for 
sulfate, nitrate and MSA to determine how many particles actually contained these 
species, which is not usually necessary under optimum detector conditions. Ions were 
queried for peak height between 1 and 5000, to include all mass spectra containing these 
species. Table 4.4 shows the negative ions queried for and the number of particles 
containing them. These particles were then clustered using the K-means algorithm to 
produce particle classes.  
Table 4.4. Negative ions indicative of atmospheric processing queried for in ADRIMED/SAF-MED 
ATOFMS dataset. 
Ion 46NO2–/62NO3– 89(COO)2H– 95CH3SO3– 97HSO4– 111HOCH2SO3– 125H(NO3)2– 195[H(HSO4)2]– 
No. of 
particles 
87,238 9627 2779 106,732 136 66 23 
% of total 
particles 
7 0.8 0.2 9 0.01 0.005 0.002 
Oxalate 
Oxalate (m/z -89) was found in ~9600 particles, 0.8% of total particles ionised. The 
mixing states derived from this query are similar to those produced from general 
clustering and are varied, suggesting that the detector issue did not prevent oxalate from 
being detected in certain types of particles. Despite this consistency, it should not be 
assumed that all particles in a class from the general clustering approach which produced 
oxalate signals actually contained this species, as indicated by the querying results.  
From the querying approach it was apparent that oxalate preferentially partitioned to K-
rich particles rather than the more abundant carbonaceous particles. 52% of the queried 
oxalate particles were dominated by 39K+ and sulfate (~90% of all the queried particles 
contained sulfate), coinciding with the K-SOX-Oxalate class from the general approach; 
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the temporality of the queried particles confirms this, as numbers also peaked on the 28th 
June. Particles most similar to K-NOX accounted for a further 33% and produced signals 
for nitrate, EC, CN, CNO and sulfate. In contrast only 2% of queried oxalate particles 
produced EC-rich positive mass spectra. Particles with typical dust tracers (Fe, Ca, Al, 
aluminosilicates) accounted for 7%; this fraction applies to PM2.5 but would be larger for 
PM10. The remaining queried oxalate particles were classified as aged sea salt (3%), OC 
(2%), V (0.7%) and Cu-Pb (0.4%). Assuming these fractions hold if the queried oxalate 
particle numbers could be scaled up to real ambient levels, then biomass burning 
emissions play a large role in the fate of particle phase oxalate in the western 
Mediterranean.  
The average mass concentration of oxalate as measured by the PILS was 10±0.63 ng/m3, 
with a range of 0.2-37 ng/m3. Moderate correlation between oxalate and SV-OOA 
(R2=0.56), WSOC (R2=0.55), BC (R2=0.55) and ATOFMS EC+K-rich mass 
concentrations (R2=0.55) were obtained for the period 21st June-4th August; hourly mass 
concentrations for these species can be found in Figure 4.36.  
 
Figure 4.36. Hourly mass concentrations of SV-OOA ACSM factor, BC (MAAP), WSOC (PILS-
TOC) and ATOFMS EC+K-rich particles. 
Oxalic acid is often the single most abundant water-soluble organic compound identified 
in ambient aerosols (Yu et al., 2005), which explains the agreement between oxalate and 
WSOC mass concentrations. A moderate association with OPS 0.3-0.579 μm particles 
concurs with the findings of Koulouri et al. (2008) who found 59% of oxalate mass in the 
fine fraction (< 1.3 μm). The same study also found a moderate correlation between nitrate 
and oxalate (R2=0.56), which was attributed to heterogeneous processes on alkaline 
cation surfaces originating from sea salt and mineral dust; no such agreement was 
observed during either ADRIMED or SAF-MED. The ATOFMS querying approach 
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indicated a prevalence for oxalate mixed with K-rich particles, however correlations 
between PILS oxalate and K-rich mass were poor; better correlations were found with EC 
and K-rich mass combined, suggesting more EC particles actually contained oxalate than 
was detected.  
The mixing states of particles containing oxalate as identified by single particle 
techniques is varied, and indicates oxalate formation either in fog/cloud processing or 
photochemical oxidation of biogenic and anthropogenic VOCs.  Oxalate has been found 
in biomass burning particles (Yang et al., 2009; Healy et al., 2010), mixed with industrial 
combustion particles containing Pb and Zn (Moffet et al., 2008a, 2008b), in aged sea salt 
(Yang et al., 2009) and in aged carbonaceous particles containing highly oxidised 
organics, non-oxygenated organics and amines (Qin et al., 2012; Pratt et al., 2009c). 
Oxalic acid has been found preferentially enriched on Asian mineral dust over 
carbonaceous particles (Sullivan & Prather, 2007), while Fitzgerald et al. (2015) 
characterised Asian dust as rich in nitrate and aged through heterogeneous chemistry and 
African dust as cloud processed and rich in sulfate and oxalate. Yang et al. (2009) found 
enrichment of oxalate in dust and sea salt particles and night-time peaks in diurnal profiles 
of both these and relative humidity, indicating heterogeneous reactions in 
hydrated/deliquesced aerosols contributed to oxalate formation. The authors also 
observed correlations between oxalate and sulfate, suggesting that in-cloud processing 
also played a role. Cloud processing has also been observed in orographic clouds by an 
ATOFMS on board an aircraft for biomass burning particles internally mixed with oxalate 
and enriched in homogenously nucleated ice and cloud droplets (Pratt & Prather, 2010). 
Yao et al. (2002), through MOUDI and IC measurements found higher concentrations of 
oxalate in a droplet mode of 0.32-1 µm than in a condensation mode of 0.097-0.32 µm 
and concluded that aqueous reactions could be more important than gas phase 
photochemical reactions in oxalate formation. While the humidity was relatively high 
throughout the two campaigns, so too was the solar radiation, with few instances of cloud 
or fog formation at the site. The association with SV-OOA also supports a preference for 
photo-chemical oxidation as the oxalate formation mechanism.  
MSA 
MSA, m/z -95, was identified in ~2700 particles (0.2% of total particles ionised). Sulfate 
was found in all of these. The mixing states derived from the querying approach largely 
agrees with those from the general approach. Similar to oxalate, MSA clearly favoured 
partitioning to biomass combustion particles. Particles similar to the K-SOX, EC-K-SOX 
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and K-EC-SOX classes accounted for 45%, 25% and 11% of the MSA queried particles. 
EC-V, V and Cu-Pb classes contributed 11%, 4% and 1% respectively.  
The preference for partitioning to combustion particles is in contrast to findings from 
Riverside, USA (Gaston et al., 2010) where only small fractions of carbonaceous 
ATOFMS particle types contained MSA, and Tivoli, Ireland (Healy et al., 2010), where 
only one ATOFMS particle class of several carbonaceous classes identified was internally 
mixed with MSA. The authors suggest accumulation of secondary species during 
transport from the LA coast to Riverside potentially masked the detection of MSA in their 
carbonaceous particles (Pratt & Prather, 2009).   
In addition, they demonstrated that biogenically emitted sulfur species, such as MSA, can 
condense onto anthropogenic aerosols catalysed by vanadium, which has also been shown 
to enhance the conversion of anthropogenically produced SO2 to sulfate (Ault et al., 
2010). ~40% of OC-V-sulfate (residual fuel combustion primarily from ships) particles 
and 33% of aged sea salt particles in Riverside contained MSA; these were both coastally 
emitted along with DMS, which suggests that DMS oxidation products primarily 
partitioned onto coastal particle types that then underwent aging as they were transported 
inland. No MSA was found on aged sea salt particles in Corsica; m/z -95 was only found 
in fresh sea salt particles and was likely a result of NaCl2 as it was present in the typical 
isotopic ratio i.e. its signal was smaller than m/z -93. A similar fraction of V-rich particles 
found in Corsica could have contained MSA had the negative detector been fully 
functioning. This is again in contrast to (Healy et al., 2010), where none of the V-rich 
shipping classes were associated with MSA. However, the authors note that the sampling 
site was very close to shipping berths, so most shipping particles detected were expected 
to be freshly emitted.  
OC-SOX particles, identified with the general clustering approach, produced average mass 
spectra with MSA signals. This was not supported by the querying approach; no OC-rich 
particles were found to contain MSA, or at least so few as to not resolve into their own 
clusters. No Amine particles were identified in the MSA query. This is contrast to results 
of an amine query of the Corsica dataset (Healy et al., 2014), which found MSA mixed 
with both EC-TMA and K-TMA particles. This was determined from the average mass 
spectra of the queried amine particles, which was based on positive mass spectra and 
therefore suffered from the same inclusion of poor quality or blank negative spectra as 
the general clustering approach used here. As discussed earlier, the presence of MSA in 
TMA and other amine-containing particles is possible, as indicated by laboratory studies 
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of particle formation and growth from reactions between MSA, TMA (or methylamine 
and DMA) and water (Chen et al., 2015b, 2015a). Amines have been frequently observed 
in marine aerosol (Facchini et al., 2008; Müller et al., 2009; Sorooshian et al., 2009; 
Gaston et al., 2010), and particulate amine levels have been found to correlate with 
particulate MSA levels (Sorooshian et al., 2009). Facchini et al. (2008) observed that 
MSA, DMA, and diethylamine were the most abundant organic species detected in fine 
particles in the North Atlantic during periods of high biological activity. The lack of 
sufficient good quality negative mass spectra unfortunately limited investigation of 
particles influenced by MSA and marine amines, however the above shows that these are 
possible.  
The remaining 3% of MSA queried particles was accounted for by particles containing 
dust tracers (Fe, Ca, Al). The Riverside study found no MSA was found on submicron 
dust and only 3% of supermicron dust contained MSA (Gaston et al., 2010). The authors 
expected this since the dust they observed was locally produced unlike MSA. In contrast, 
internally mixed OC, sea salt, sulfate, Ti (dust) and MSA formed particles 1 – 2 µm in 
size at Mace Head during the EUCAARI project (Dall’Osto et al., 2009a) and were 
associated with a period of sub-tropical maritime air originating from the Azores high-
pressure region. The number of dust particles identified with the MSA query in this work 
were statistically too few to consider submicron/supermicron ratios; from these previous 
studies it is not unusual to detect MSA on dust particles, however it is unlikely that they 
represent significant surfaces for MSA to condense onto as most of the MSA mass 
measured in the Mediterranean to date has been found in the submicron fraction. This 
observation is also echoed by Gaston et al. (2010); 67% of the submicron particles in 
Riverside contained MSA.  
In Riverside MSA-containing particles were also associated with fog processing markers 
81HSO3
- and hydroxymethanesulfonate (HMS, -111HOCH2SO3
-), highlighting aqueous 
phase chemistry as important in MSA formation (Bardouki & Rosa, 2002), as well as the 
hygroscopic nature of MSA (Barnes et al., 2006). Other studies correlated HMS with 
relative humidity (RH) during stagnant fog events (Whiteaker & Prather, 2003b), 
however in Riverside the HMS correlation with MSA suggested HMS formation was not 
due to local increases in RH; rather MSA-particles had undergone aqueous phase 
processing either coastally or during transport. Unfortunately queries for m/z -81 and -
111 did not return a statistically useful number of particles, and the summed signal for 
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both of these was too low to produce a statistically useful time series (it follows on from 
this that it didn’t appear in any average mass spectra).  
PILS mass concentrations of MSA did not correlate with any ATOFMS particle numbers 
or mass concentrations, or with any other measurements over the whole sampling period. 
However, some correlations were found for certain periods; from 7-15th July MSA mass 
agreed well with that of PILS NO3
-, while from 23rd July – 3rd August moderate 
correlations were found with PILS NO3
- (R2=0.53), SO4
2- (R2=0.48) and NH4
+ (R2=0.54), 
and ACSM NO3
- (R2=0.46).  Increases in MSA mass coincided with sea salt events during 
Period 2 (Figure 4.37), although there were no good correlations with SSA concentration, 
suggesting MSA was not present on sea salt particles but formation was enhanced by the 
influx of marine air masses.  
 
Figure 4.37. Hourly mass concentrations of PILS MSA, NO3-, SSA, SO42- and NH4+ during 
ADRIMED/SAF-MED.  
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 CONCLUSIONS 
27 distinct ATOFMS particle classes were identified from single particle mass spectra 
which were grouped into 8 general categories: EC, K-rich, Na-rich, Amines, OC-rich, V-
rich, Fe-rich and Ca-rich. Mass concentrations were reconstructed for the ATOFMS 
particle classes and were in good agreement with other quantitative measurements (PM1, 
ACSM species, BC). Total ATOFMS mass (PM2.5) accounted for 70-90% of PM10 mass, 
most of which was comprised of regionally transported fossil fuel combustion particles, 
and particles from biomass burning in northern Italy and eastern Europe, the accumulation 
of which was favoured by repeated and extended periods of air mass stagnation over the 
western Mediterranean.  
Three other sources were also identified: local biomass burning, marine and shipping. 
Local combustion particles contributed little to PM2.5 particle numbers and mass 
concentrations but were easily distinguished from regional combustion particles. Marine 
emissions comprised fresh and aged sea salt, the former detected mostly during one 5 day 
event and the latter detected throughout the sampling period. Dust was not efficiently 
detected by the ATOFMS, as other measurements showed that it was mainly in the PM2.5-
10 fraction. Shipping particles, indicative of heavy fuel oil combustion, were identified as 
aged regional emissions which made only a small contribution to PM2.5 particle numbers 
and mass concentrations.  
The mixing states of oxalate, a photochemically aged aerosol marker, and MSA, a marine 
emissions marker, were described but limited by poor negative ion detection. The 
majority of particles containing oxalate contained K and sulfate, indicative of aged 
biomass burning emissions, while MSA was also strongly associated with biomass 
burning particles and to a lesser extent with Shipping particles.  
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During this work an Aerosol Time of Flight Mass Spectrometer (ATOFMS) was deployed 
at an industrial location and a regional background location during the NANO-INDUS 
and ADRIMED/SAF-MED field measurement campaigns. The ATOFMS provided the 
size-resolved chemical composition of atmospheric single particles in the size range 100 
to 3000 nm in real-time. The single particle information collected was then analysed by 
application of the K-means algorithm in order to generate a list of particle types 
influencing the monitoring sites during sampling. The particle types identified during 
these campaigns were used to determine the composition and origins of particles at both 
locations. This information, along with meteorological data and measurements made by 
co-deployed instruments, was used to investigate local point sources of industrial particles 
and the influence of regional transport on PM composition in Mediterranean background 
aerosol. 
 NANO-INDUS 
In Dunkirk the ATOFMS collected approximately 800,000 single particle mass spectra, 
which were classified into 34 distinct ATOFMS particle classes: Sea salt, Na-K, Na-Mg, 
Na-EC, K, K-Cl, K-Aluminosilicate, K-Al, EC, EC-amm-nit, EC-K, EC-K-amm-nit, OC, 
OC-PAH, PAH, Fe, K-Fe-Na, Fe-K-Ca, Fe-EC, Ca, Ca-K, EC-Ca, V-Fe, Na-V, Mn, K-
Mn, Al-K-Mn, Mn-K-Fe, K-Pb, Li-Zn, Sulfur, K-Amines, EC-Amines and particles with 
poor positive spectra. These were grouped into 9 general categories: Na-rich (23% of total 
spectra), K-rich (22%), EC (22%), Fe-rich (0.4%), OC and PAH (2%), Ca-rich (0.2%), 
V-rich (1%), Mn-rich (1%) and Others (17%).  
Maximum particle number and PM2.5 mass concentrations were observed during an 
extended period strongly influenced by local industrial emissions. The contribution of 
nitrate, non-refractory chloride and BC increased during this period. PM2.5 elemental mass 
concentrations determined by ICP-MS were also at their highest, with Fe, Mn, Ca, Al, K, 
Na, Mg and Zn accounting for most of (97%) this elemental mass.  
Mass concentrations for the ATOFMS particle classes were reconstructed, and total 
ATOFMS mass was found to correlate well with SMPS (50-300 nm) and OPS (300-800 
nm) number concentrations, as well as PM2.5, total AMS and organics and ammonium 
mass concentrations. ATOFMS mass concentrations also correlated well with average 
PM1, PM2.5 and PM10 mass fractions obtained from 48 hour filters. Particles detected by 
ATOFMS accounted for 40-90% of PM2.5 mass for most of the sampling period. Some 
underestimation and overestimation of PM2.5 mass was observed and likely originated 
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from the complexity of the mixing states, particularly those of the metal-rich particles. 
Several different densities were used in converting the number of these particles to mass, 
which may not have been appropriate or which may have varied for each class throughout 
the sampling period. Most of the ATOFMS mass concentrations were accounted for by 
K-rich particles (24%) and EC particles (23%), followed by Na-rich (10%), Fe-rich 
(10%), Ca-rich (4%), V-rich (4%), Mn-rich (3%), OC and PAH (3%) and Zn, Sulfur and 
Amines combined (0.4%).  
Five general sources of PM2.5 particles were identified during NANO-INDUS; local 
industrial, transported industrial, transported/local industrial, transported/urban and 
marine. Assignment of particle classes originating from the ferromanganese alloy 
manufacturing facility was based on comparison with single particle mass spectra 
obtained from chimney filter samples and ores from the facility.  
Marine emissions, primarily in the form of Sea salt particles, were influenced by North 
Atlantic air masses and generally increased when carbonaceous combustion particle 
numbers decreased and vice versa. Particles with a marine biological origin (Na-Mg) were 
detected, although they did not have a significant impact on aerosol at the site as they 
contributed very little to either particle number or mass. Particles with both marine and 
local combustion sources were also identified (Na-EC), representing internally mixed sea 
salt and EC and possibly industrial combustion emissions. These too did not heavily 
impact the site.  
Transported/urban emissions represented those without a clear industrial influence and 
which may have been produced in the local urban environment or transported from other 
urban locations. Particles categorised as urban/transported accounted for most of the 
ATOFMS particles with mass spectra and include the K, EC-K, EC-K-amm-nit and EC-
amm-nit classes. The lack of sufficient negative mass spectra limited the evidence for 
aged transported emissions, however the presence of ammonium nitrate, as 30NO+, in the 
EC-K-amm-nit and EC-amm-nit classes indicated ageing of these particles. K is usually 
a marker for biomass burning, however the steelworks neighbouring the sampling site is 
known to produce significant amounts of KCl particles (Hleis et al., 2013). K-Cl particles 
were identified through querying of the K class, but it likely that more of the K class 
should be apportioned to an industrial source due to the negative ion detector issue.  
Transported/local industrial emissions represented those detected during the clear 
industrial period but which were also present at similar or higher levels at other times 
during the campaign. These included EC and amine-containing particles; the majority of 
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the former occurred during a 4-day period associated with air masses over the English 
Channel and northern France, while those detected during the industrial period may have 
originated from the steelworks in the form of graphite flakes (Flament et al., 2008).  
Transported industrial emissions included particle classes whose composition indicated 
industrial sources but which did not peak during the industrial period. These accumulated 
during the same 4-day event that transported EC particles to the site. This transport 
represented a second non-local source of Fe, Fe-EC, Mn and V-Fe particles. 
Local industrial emissions include those for which maximum levels occurred during the 
period most strongly influenced by industry and which were observed at low levels or 
virtually absent for the rest of the campaign. These emissions produced the largest variety 
in particle mixing state and included K-rich, Fe-rich, Mn-rich, Ca-rich, Pb, OC and PAH 
classes. Some particle classes could be confidently assigned to either the ferromanganese 
alloy manufacturing facility, based on comparison of the ambient data with ATOFMS 
data for the chimney filters and ores from the facility, or to the steelworks, by comparing 
the ambient data with those obtained in previous ATOFMS studies at the Port Talbot 
steelworks (Dall’Osto et al., 2008; Taiwo et al., 2014b).  
K-Mn, Al-K-Mn, Mn-K-Fe, K-Al, Ca and Ca-K were found in the industrial filter or ore 
samples, and apart from Ca and Ca-K (Ca is a major component of steelworks sintering 
emissions) can be considered reliable tracers for emissions from the ferromanganese 
facility. The combined contribution of the K-Mn, Al-K-Mn, Mn-K-Fe and K-Al classes 
was 1% of total ATOFMS particle number and 2% of total reconstructed ATOFMS mass. 
The combined contribution of the K-Fe-Na, K-Cl, OC, OC-PAH, PAH and Sulfur classes, 
likely to be from the steelworks, was 5% to total ATOFMS number and 9.5% to total 
ATOFMS mass. This considers only classes which can be confidently attributed to the 
ferromanganese alloy facility or the steelworks (K-Pb, Ca, Ca-K, Fe-K-Ca, Li-Zn) and is 
therefore a conservative estimate but from this it is apparent that the steelworks 
contributed significantly more than the ferromanganese alloy facility to particle number 
and mass concentrations as analysed by ATOFMS.  
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 ADRIMED AND SAF-MED 
In Corsica, the ATOFMS collected approximately 1.2 million single particle mass 
spectra, which were classified into 27 distinct ATOFMS particle classes: EC-SOX, EC-
Oxalate, EC-K, EC-K-SOX, EC-K-Oxalate, K-EC-NOX, K-EC-SOX, K-EC-Oxalate, K-
CN, K-NOX, K-SOX, K-SOX-Oxalate, K-Na, K-Silicate, sea salt-fresh, sea salt-aged, Na-
EC, OC, OC-NOX, OC-SOX, EC-TMA, K-TMA, OC-TMA, V, V-EC,  Fe, and Ca. These 
were grouped into 8 general categories: EC (53% of total spectra), K-rich (32%), Na-rich 
(8%), Amines (4%), OC-rich (2%), V-rich (1%), Fe-rich (0.2%) and Ca-rich (0.2%).  
Mass concentrations for the ATOFMS particle classes were reconstructed, and total 
ATOFMS mass was found to correlate well with SMPS and OPS number concentrations 
and total ACSM mass concentrations, and moderately with mass concentrations of PILS 
SO4
2- and NH4
+, the ACSM factor SV-OOA, BC and PM1. Particles detected by 
ATOFMS accounted for 70-90% of PM10 mass for most of the sampling period, though 
considerably less during periods dominated by sea salt and dust. These findings indicate 
that adequate mass concentrations can be derived from ATOFMS particle numbers in an 
environment where the aerosol is dominated by biomass burning and fossil fuel 
combustion emissions and SOA. ATOFMS mass concentrations were dominated by EC 
particles (52%), followed by K-rich (25%), Na-rich (12%), Amines (3%), OC-rich (3%), 
V-rich (3%), Ca-rich (1%) and Fe-rich (1%).  
Four general sources of PM2.5 particles were identified during ADRIMED and SAF-
MED; regionally transported combustion, local biomass burning, marine and shipping. 
EC particles were assigned to regionally transported fossil fuel combustion sources, with 
no local sources evident and clear decreases in particle numbers during periods where 
synoptic marine air masses influenced the site. However, no particle composition markers 
unique to different air masses were observed, so based on ATOFMS data alone it would 
not be possible to distinguish emissions originating in one country from another.  
K-rich and OC-rich particles originated from both regionally transported and local 
biomass burning aerosol. Regionally transported biomass burning particles considerably 
outnumbered local emissions, which were identified by brief peaks in particle number 
and visually confirmed in situ. Fires were detected by MODIS over northern Italy 
throughout the sampling period and the site was heavily influenced by air masses passing 
over this region. The largest concentration of fires in all of Europe or North Africa was 
in eastern Europe, around the Black Sea and in the form of wheat residuals burning, from 
the end of June until the end of the sampling period. The site was clearly influenced by 
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air masses from this region for ~ 4 days in July, followed by extensive stagnation and 
recirculation of that air over the western Mediterranean. 
Amine-containing particles were also assigned to regionally transported combustion 
sources, both fossil fuel and biomass burning. Previous studies of amine-containing 
particles found a strong dependence on relative humidity; this was not the case during 
these two campaigns, suggesting these particles were not formed locally.  
Quantitative measurements by TEOM showed PM1 particles accounted for most of PM10 
mass concentrations over the whole sampling period. ACSM (PM1) and PILS (PM10) 
sulfate and ammonium mass concentrations were very similar, indicating most of the 
mass of these species was in the PM1 fraction. Accordingly, organics (36%), sulfate 
(16%) and ammonium (10%) constituted most of the PM10 mass. Mass concentrations of 
EC and K-rich particles were in good agreement with those of ACSM sulfate, ammonium 
and the SV-OOA factor (which accounted for 62% of the organics), and BC. This 
comparison provided complementary information; EC and K-rich particles did not 
produce strong signals for OC fragment ions, which the ACSM data indicated were a 
significant component of both PM1 and PM10 particles. From the ATOFMS average mass 
spectra of EC and K-rich particles it appeared EC and K were major components, but BC 
and K only contributed 4% and 0.4% to PM10 mass concentrations. However, ATOFMS 
mass spectra provided valuable source markers, allowing the identification of fossil fuel 
and biomass burning combustion sources. Combined, this information shows these 
sources provided the primary particles, containing EC and OC, which then accumulated 
ammonium, sulfate and alkylamines during regional transport. Oxidation of the OC 
components also likely occurred during transport. 
Sea salt particles were separated into fresh and aged emissions; fresh sea salt dominated 
during two events (5 day and 1 day), while aged sea salt was present consistently in the 
background throughout both campaigns. Reconstructed mass concentrations for fresh sea 
salt particles accounted for 50-80% of SSA, derived from PILS Na and Cl concentrations, 
during the main event, with Mg2+ constituting most of the remaining mass. This and a 
strong correlation with 0.579-2.156 μm particles suggests a significant amount of fresh 
sea salt was in the PM2.5 fraction.  
Two prominent mineral dust events were characterised by increases in Ca2+ mass 
concentrations and 2.156-8.032 μm particle number concentrations; the second event 
coincided with the main sea salt event and was also distinguished by contributions of K+. 
However, no agreement between potential ATOFMS dust particles and these 
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measurements was found indicating that mineral dust was not characterised well by the 
ATOFMS, as most of the dust particles were in the >PM2.5 fraction. 
V-rich particles, markers for heavy fuel oil combustion, were identified as aged regional 
emissions, as most fresh shipping particles would have been too small for the ATOFMS 
to have detected during the sampling period and there are no local power plants or 
refineries that could generate similar particles.  
One of the aims was to investigate the photochemical ageing of particles in the western 
Mediterranean, and given the location marine emissions were also of interest. To address 
this, the mixing state of particles containing oxalate and MSA was examined. A querying 
approach of the ATOFMS dataset was required, as most particles either produced poor 
quality negative mass spectra or none at all, resulting in unrepresentative average negative 
mass spectra for some particle classes. Despite these limitations, this work represents the 
first characterisation of oxalate and MSA mixing states in PM2.5 in the Mediterranean.  
The majority of particles (85%) queried for oxalate contained K and sulfate, indicative of 
aged biomass burning emissions, consistent with previous studies in both the eastern and 
western Mediterranean. In contrast, only 2% of oxalate-queried particles could be 
classified as EC. However, good correlations were found between PILS oxalate and 
combined ATOFMS EC and K-rich mass concentrations, indicating more EC particles 
contained oxalate than could be determined by the limited number of negative mass 
spectra.  
MSA was also strongly associated with biomass burning particles (81% of MSA queried 
particles), with Shipping particles contributing most of the remaining queried particles. 
No MSA was found in sea salt particles, though this has been the case in previous studies 
(Ault et al., 2010). Increases in MSA mass concentrations, determined by PILS, coincided 
with the main sea salt event, although there were no good correlations with SSA 
concentration, suggesting MSA was not present on sea salt particles but formation was 
enhanced by the influx of marine air masses. A small fraction (3%) of the queried MSA 
particles contained dust tracers (Fe, Ca, Al); MSA has been previously found internally 
mixed with supermicron dust (Dall’Osto et al., 2009a; Gaston et al., 2010). These 
observations are consistent with MSA measurements in the Mediterranean to date, which 
found most MSA mass in the submicrometer fraction. Previous ATOFMS studies of 
MSA-containing particles have found associations with the fog processing marker 
hydroxymethanesulfonate (HMS) and indications that the particles had undergone 
aqueous phase processing during transport (Gaston et al., 2010). HMS was not found in 
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the MSA-containing particles queried here, and a separate query for HMS did not return 
a statistically useful number of particles. No association was found between MSA mass 
concentrations or the MSA-containing particles and relative humidity, also indicating that 
MSA had not partitioned to the particles locally.  
 ATOFMS COMPARISON 
A comparison of the NANO-INDUS and ADRIMED/SAF-MED ATOFMS datasets with 
other ATOFMS datasets from the MEGAPOLI and SAPUSS measurements campaigns 
(McGillicuddy, 2014) is shown in Figure 5.1. Particles in the Na-rich, K-rich and EC 
categories constitute the majority of each dataset, reflecting both the instrument’s 
sensitivity to these species and also the size range it operates in, which favours 
combustion particles (K-rich and EC). The smallest fraction of Na-rich (mostly sea salt) 
particles was found in Paris, which was the furthest sampling site from a coast. The largest 
fraction of combustion-related particles was found in Paris (K-rich, EC and OC & PAH), 
as this was the largest urban site. Barcelona, also a large urban environment, displayed 
the largest proportion of dust particles (Ca-rich), reflecting the frequent incursions of 
Saharan dust observed there. The very small proportion of Ca-rich particles found in 
Corsica reflects the lack of sustained meteorological conditions required for Saharan dust 
to the island during the sampling period. Negligible local anthropogenic emissions means 
the majority of particles sampled at the site were regionally transported there, this may 
explain the large fraction of amine-containing particles relative to the other datasets as 
these were likely to form during extended atmospheric transport. It is also likely that the 
larger number of local sources at the other sampling sites could dominate the dataset. 
Particles from industrial activities were clearly identified in Dunkirk (Fe-rich, Mn-rich, 
Pb-rich, Ca-rich and V-rich), while similar particles were also observed in Barcelona, 
which is also home to several heavy industries as well as a busy harbour.  
Such comparison of ATOFMS datasets is heavily influenced by sampling location, time 
of year and meteorological conditions; MEGAPOLI data was collected in January in a 
north European megacity, NANO-INDUS in May-June in a heavily industrialised small 
north European city, ADRIMED/SAF-MED in a remote location on a Mediterranean 
island and SAPUSS in a large coastal Mediterranean city. As such, large variation in 
sources and particle types is to be expected. The design of the instrument is more suited 
to short term measurements than long term data collection in one location, so the objective 
is to employ it in as many different environments as possible. Repeated measurements in 
one location and comparison of ATOFMS datasets from similar environments are 
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therefore rare. Also, a full account of ATOFMS dataset composition, in the form of 
particle types or categories as shown in Figure 5.1, is only occasionally reported in the 
literature which further restricts comparisons. A collection of raw ATOFMS data would 
be highly desirable, but would require an administrator and a considerable amount of data 
storage space, among other difficulties.  
 
Figure 5.1. Comparison of ATOFMS datasets in terms of % particle numbers of particle 
categories. 
 PERSPECTIVES 
Overall this work demonstrates that the ATOFMS is a very useful technique in the 
determination of the size resolved chemical composition of single particles in real time. 
In fact the ATOFMS remains one of the few instruments capable of providing this 
information. While the data provided by the ATOFMS is not quantitative, the benefit of 
the technique is that it enables identification of the different particle types influencing the 
measurement site and also the mixing state of the particle – information not provided by 
other techniques in real time. However, this work has shown that semi-quantitative 
information can be produced by scaling ATOFMS particle numbers to unbiased sizing 
measurements, thereby adequately accounting for PM2.5 mass concentrations in both 
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industrial and regional background locations.  
A great deal of work by the many researchers involved in both measurement campaigns 
remains to be done to achieve the objectives of those projects. NANO-INDUS aimed to 
characterise fine industrial particles as both their size and composition are of concern for 
human health. To assess if the physico-chemical characteristics of these fine particles 
change upon exiting a facility (this will improve their identification at different locations 
and any future sampling campaigns or monitoring), measurements of gases and particles 
made at the chimneys of the ferromanganese alloy facility will be compared with those 
made at the a downwind location. The comparison of ATOFMS and SEM-EDX analysis 
of samples from the facility (Arndt et al., 2016) is the first step in answering this question. 
Some work on the bioaccessibility of particles collected during NANO-INDUS has been 
published by Mbengue et al. (2015), and the cytotoxicity, oxidative stress and 
inflammation in human lung cells caused by particles previously collected in Dunkirk has 
been studied (Garçon et al., 2006), but to date no epidemiological studies have been 
carried out in Dunkirk to assess the impact of the considerable industrial activities in the 
city. While assessing this impact may have been outside the scope of the NANO-INDUS 
project, the possible health effects for people living in the vicinity of Dunkirk industries 
should be assessed in the future. We study the atmosphere to determine how we affect it 
and how it affects us. If the data collected here and in the many other studies carried out 
in Dunkirk are not used to determine how the cities’ anthropogenic activities affect its 
population then it will only have been collected for its own sake. 
The ADRIMED/SAF-MED campaigns were carried out as part of the ChArMEx project, 
under the MISTRALS initiative. This initiative represents a major collaborative effort to 
comprehensively study the Mediterranean’s atmosphere, hydrosphere, biosphere and 
lithosphere in a context of climate change and increasing anthropogenic pressure. As such 
it will be many years before the hundreds of researchers involved have compiled the vast 
amount of data collected and are able answer any questions; even then it is very likely 
more research will be needed. Regarding the ADRIMED/SAF-MED specific objectives, 
work is being published in a special issue of Atmospheric Chemistry and Physics 
(http://www.atmos-chem-phys.net/special_issue334.html) and will continue to be for 
years to come. The optical, microphysical and radiative properties of mineral dust have 
been studied (Denjean et al., 2016; Sicard et al., 2016), as well as how that dust deposits 
(Vincent et al., 2015). Observations have been made by LIDAR of the long range 
transport and aerosol types during a North American biomass burning episode (Ancellet 
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et al., 2015) and also how biomass burning influences CCN number and hygroscopicity 
(Bougiatioti et al., 2015). Atmospheric vertical profile measurements on board balloons, 
aerial vehicles and ships (Di Biagio et al., 2015; Renard et al., 2015; Gheusi et al., 2016) 
will improve our understanding of by aerosol properties throughout the troposphere, not 
just at ground level. Long term measurements have also been made of the elemental 
composition of PM10 (Calzolai et al., 2015), among many other studies which can be 
found by following the above link. The ATOFMS was the only instrument deployed 
capable of determining the composition of single particles and therefore the most accurate 
means of source identification. The ATOFMS data will be discussed in relation to aerosol 
optical and radiative properties to address how particle composition influences these and 
therefore Mediterranean aerosol’s effect on climate. ATOFMS data is currently difficult 
to incorporate effectively into models but as these are necessary to characterise current 
radiative forcing and estimate that of the future, improved ways of utilising ATOFMS 
data in models should be found. The ATOFMS data will be compared more thoroughly 
with ACSM, AMS and potentially off-line VOC data to determine the origin of SOA in 
the Mediterranean and also with hygroscopicity and volatility measurements as these 
properties can influence how the particles affect climate; analysis of data from these 
instruments is still ongoing.   
This works also highlights the complexity of atmospheric aerosol. The task of resolving 
this complexity is complicated by the fact that no single instrument exists that is capable 
of completely characterising the physico-chemical properties of aerosols.   
Complementary in situ measurements performed by numerous instruments operating at 
high time resolution, combined with meteorological data, modelling, satellite, airborne 
and other mobile measurements currently provide the best means for quantifying 
contributions of different aerosol sources and for determining effects of atmospheric 
aerosol on climate and human health.  
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7. APPENDIX I – SCALING 
 THE SCALING PROCESS 
As established in Section 2.2.1, the electrical mobility, Dm, and optical diameters, Do, 
employed by the SMPS and OPS/OPC need to be converted to aerodynamic diameter, 
Dva, according to: 
𝑑𝑣𝑎 =
𝜌𝑝
𝜌0
𝑑𝑣𝑒
𝜒
 
Where Dve is the volume equivalent diameter and represents Dm and Do. We assume that 
particles are spherical, so the shape factor χ = 1. The standard density, ρ0, is 1 g cm−3 so 
Dve can be multiplied by an assumed density to equate to Dva.  
For both NANO-INDUS and ADRIMED/SAF-MED measurements a density of 1.7 was 
chosen. The density informs which SMPS and OPS/OPC size bins are chosen to scale the 
ATOFMS particle numbers with. The ATOFMS size range, in aerodynamic diameter, is 
100-3000 nm. With a density of 1.7 this equates to a size range of 58.8-1764.7 nm in 
Dm/Do.  
The SMPS and OPS/OPC often have overlapping size ranges; the SMPS for both 
measurements detected particles up to ~500 nm in diameter, while the smallest particles 
the OPS/OPC measured were 300 nm in diameter. It is therefore necessary to compare 
particle numbers in the overlapping size bins from the instruments and decide which data 
should be used for scaling the ATOFMS numbers. An example of such a comparison is 
shown in Figure 7.1. Based on this, the SMPS data in the 300-400 nm size range was 
chosen and the OPC was used for particles larger than 400 nm.  
 
Figure 7.1. Comparison of SMPS and OPC number concentrations for particles between 300-400 
nm in diameter. 
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Once the limits of the SMPS and OPS/OPC size ranges have been determines, it may then 
be necessary to merge some of the size bins produced by each instrument. The ATOFMS 
usually detects only low numbers of small and large particles (<300 nm and >1000 nm 
Dva) so dividing these into narrow size bins, such as those used by the SMPS, can result 
in poor scaling factors. The number of SMPS and OPS/OPC bins merged will depend on 
the ATOFMS data and will become apparent after some trial and error – the error usually 
manifests itself as scaling factors of zero, and a size bin full of these is probably too 
narrow and needs to be merged with others to widen the size range the ATOFMS particles 
fall into. Merging is simply a matter of summing the particle numbers for several SMPS 
and OPS/OPC size bins. An example of a finalised set of SMPS and OPS/OPC size bins 
ready for scaling is shown in Figure 7.2.  
 
Figure 7.2. Example of SMPS and OPC size bins ready for scaling. The diameters given are 
electrical mobility/optical. The size ranges were chosen based on the smallest and largest 
ATOFMS particles detected, with a density of 1.7 for diameter conversion (i.e. the SMPS bin 100-
200 nm corresponds to 170-340 nm in Dva).  
The total ATOFMS particles now need to be sorted into the chosen SMPS and OPS/OPC 
size bins. An example of this is shown in Figure 7.3. We have a MATLAB script which 
takes a file comprised of a list of the ATOFMS particles and their diameters and 
timestamps and sorts the particles into the specified size bins per hour. A file with a list 
of particles needs to be generated for the total ATOFMS particles in the dataset and for 
each particle class. 
 
Figure 7.3. Example of total ATOFMS particle numbers per SMPS/OPS/OPC size bin, in 
corresponding Dva.  
Dividing the SMPS/OPS/OPC particle numbers in a given size bin by the ATOFMS 
particle numbers in the same bin produces a scaling factor for each bin, per hour, as shown 
in Figure 7.4.  
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Figure 7.4. Example of scaling factors produced by dividing SMPS/OPS/OPC particle numbers 
by ATOFMS numbers in the same size bin. In the highlighted cell B5 represents the 
SMPS/OPS/OPC particle number and O5 represents the number of ATOFMS particles.  
This scaling factor can then be applied to the particle numbers of each ATOFMS particle 
class, which have been also been sorted into the chosen size bins, by multiplying the 
ATOFMS particle numbers by the scaling factor. This results in scaled particle numbers 
for each ATOFMS particle class; an example of scaled ATOFMS Sea salt particles is 
shown in Figure 7.5. 
 
Figure 7.5. Example of scaled ATOFMS Sea salt particle numbers. 
The scaled ATOFMS numbers, in each size bin per hour, for each class can be converted 
to volume and mass according to: 
𝑀𝑎𝑠𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑆𝑐𝑎𝑙𝑒𝑑 𝐴𝑇𝑂𝐹𝑀𝑆 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟𝑠 ∗  
𝜋
6
∗ (
𝐷𝑣𝑒 (𝑚𝑖𝑑𝑝𝑜𝑖𝑛𝑡)
1000
)3 ∗ 𝜌𝑝  
An example of this is shown in Figure 7.6. Summing the mass concentrations in each size 
bin provides the total mass concentration per hour for an ATOFMS particle class. 
Summing the mass concentrations for each particle class then provides the total ATOFMS 
mass concentrations, or the same volume and mass conversion can be applied to the total 
scaled ATOFMS particle numbers. However, since the mass concentrations for each 
particle class are always of interest, summing these to provide a total ATOFMS mass is 
my preferred method. While a single density at the diameter conversion stage is the most 
efficient in terms of data analysis, different densities can be easily applied at this mass 
conversion stage.   
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Figure 7.6. Example of conversion of scaled ATOFMS particle numbers to mass concentration 
using volume and density. In the formula bar at the top of the image NZ5 represents the scaled 
ATOFMS numbers and ZM4 represents the midpoint of the SMPS/OPS/OPC size bin, in electrical 
mobility/optical diameter.  
The midpoint of each size bin, in electrical mobility/optical diameter, is required for 
calculating the volume of the particles per hour. This was calculated as per Figure 7.7. 
 
Figure 7.7. Calculations for midpoints of SMPS/OPS/OPC size bins. Cell B4 represents 100 nm 
and B3 represents 59.4 nm.  
 SCALING FACTORS 
A comparison of the resulting scaling factors is shown in Figure 7.8. The scaling factors 
for the ADRIMED/SAF-MED 510-984 nm and 984-3000 nm size bins are similar to those 
in the equivalent size bins for NANO-INDUS. The scaling factors for the 
ADRIMED/SAF-MED 292-510 nm size lie between those of the NANO-INDUS 170-
340 nm and 340-510 bins. No scaling factors were obtained for ADRIMED/SAF-MED 
particles less than 300 nm in diameter, due to the particle sizing issues experienced during 
those campaigns (discussed in Section 4.2.2.). The scaling factors for particles in the 100-
170 nm size bin during NANO-INDUS are approximately two orders of magnitude less 
than those found by Healy et al. in Paris (2012) for their smallest size bin, 150-191 nm. 
This can be explained by lower particle number concentrations measured by the SMPS in 
Dunkirk as compared to the heavily urbanised megacity of Paris. The more particles 
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counted by the SMPS in these small size ranges, the greater the scaling factors will be, as 
the ATOFMS is limited in the detection of these particles.  
 
Figure 7.8. Box-plot of hourly size-dependent scaling factors for each sampling campaign (NANO-
INDUS: n = 511, ADRIMED/SAF-MED: n = 784). Median, 75th percentile and 90th percentile are 
denoted by the solid red line, box and whisker respectively. 
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8. APPENDIX II – NANO-INDUS 
 ANALYSIS OF GMF ORES AND CHIMNEY 
FILTERS 
The ATOFMS was used to analyse samples of the main manganese ores used by the 
ferromanganese alloy facility from May-September 2012; two ores from Brazil (MF13 
and MF15) and one from South Africa (SA). The instrument also analysed samples of 
PM deposited on the industrial filters of the three chimneys; firing area (Chimney A), 
cooling area (Chimney B) and smelting unit (Chimney C). These samples were collected 
in 2010 and analysed by ULCO-LPCA with the same SEM-EDX used for the field 
campaign samples.  
For ATOFMS characterisation, PM samples were suspended in deionized water, shaken 
and sonicated for 10 minutes. The suspended samples were then aerosolized using an 
aerosol generator (TSI Model 3076), passed through a diffusion dryer, a charge 
neutralizer and into the sampling inlet of the ATOFMS. Several thousand spectra were 
collected for each sample over 1-2 hours and analysed with ENCHILADA as outlined in 
Chapter 2. 
SEM-EDX characterization of the particles collected on the industrial filters was 
performed by colleagues at ULCO-LPCA. A small amount of each industrial filter sample 
was added to a vacuum flask held in an ultrasonic water bath and the flask was connected 
to a nitrogen gas jet to transfer particles to a polyethylene bag. The particles were then 
collected on boron substrates by cascade impaction. The individual particle analysis was 
carried out using a Scanning Electron Microscope FEI Quanta 200 equipped with an 
EDAX energy dispersive detector. Particles were classified according to their elemental 
composition. Only elements with concentration higher than 5 at.% were considered for 
this classification, except for carbon associated with a threshold of 15 at.% (due to its 
higher detection limit). Particles were then classified by composition. For example, the 
class named C/O/Al/Si/Ca contains particles with an atomic C concentration higher than 
15% and O, Al, Si, Ca atomic concentrations all higher than 5%. All SEM-EDX 
compositional data below refer to atomic percentage composition.  
A third set of PM samples was collected (May to September 2012) in the flues of each 
chimney (downstream of the industrial filters) to enable comparison of the emitted 
particles with those collected on the industrial filters. This was achieved by locating a 3 
stage-cascade impactor (Dekati Ltd) inside the chimney flues just before the point where 
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particles are released to the atmosphere. The impactor was fitted with a home-made boron 
substrate suitable for use in SEM-EDX characterization (Choël et al., 2005). As it was 
not possible to connect the ATOFMS sampling line directly to the chimneys, the particles 
present in the chimney flues downstream of the filters have only been characterized by 
SEM-EDX. 
 RESULTS: GMF ORES AND CHIMNEY FILTERS 
Average mass spectra for major and minor particle classes produced by ATOFMS 
analysis of chimney filters and ores are shown in Figure 8.2, Figure 8.3 and Figure 8.4.  
8.2.1 ORES 
Figure 8.1 shows the composition of the three ores analysed by ATOFMS. The majority 
of particles produced from the ore samples contain 55Mn+, 56Fe+, 27Al+, 39K+ and 
aluminosilicates (60SiO2
-, 76SiO3
-, 77HSiO3
-, 103AlSiO3
-) but the combination of these 
varies more for MF15, resulting in more particle classes (Figure 8.2 and Figure 8.4). 
Three particle classes were common to all ore samples and account for the majority of 
the particles analysed: K-Mn, Al-Mn-K and Mn-K-Al particles. Together they account for 
85-97% of the total ore particles.  
 
Figure 8.1. Composition of ore samples analysed by ATOFMS. Wedge size corresponds to the 
relative abundance of each particle class by number. 
All three classes are characterised by 16O-, 35Cl-, aluminium oxide (43AlO-, 59AlO2
-), 
silicate (60SiO2
-, 76SiO3
-, 77HSiO3
-), aluminosilicate (103AlSiO3
-) and phosphate (63PO2
-, 
79PO3
-) fragments in their negative mass spectra. 16O- produced the strongest negative ion 
signal in most ore particles, consistent with their mineral origins. Nitrate (46NO2
-) was 
found in almost all ore particles and infrequently in the chimney filter samples; its 
presence in K-Mn and Al-Mn-K particles as shown in Figure 8.2 is a result of averaging 
all mass spectra from ore and chimney samples for those particle classes. Samples were 
taken from the surface of the storage piles, which are stored outdoors. 
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The three classes were distinguished by their positive mass spectra: K-Mn particles were 
dominated by 39K+ and also contained 55Mn+; Al-Mn-K particles were characterised by a 
strong signal for Al, as well as ones for 55Mn+ and 39,41K+; Mn-K-Al particles produced a 
strong signal for as well as 39K+, 27Al+, 56Fe+ and 23Na+. 
Minor particle classes obtained from the ores include Al-Fe-Ca, Al-Mg-Na, Ca-Mn-Al, 
Fe-Mn-K, Na-Al-K, K-Mn-EC and Ti. Some of these produced signals for 24Mg+, 48Ti+ 
and 64TiO+ ions, not found in the major ore classes, while the negative mass spectra were 
largely similar. 
8.2.2 SINTERING UNIT – FIRING AREA (CHIMNEY FILTER A) 
Most of the ATOFMS particle classes found in the chimney filter in the firing area were 
internal mixtures of 40Ca+ (and associated oxides; 56CaO+, 96Ca2O
+), 39K+, 27Al+, 
aluminium oxides (43AlO-), aluminosilicates (60SiO2
-, 76SiO3
-, 77HSiO3
-), phosphates 
(79PO3
-) and oxygen (16O-). Mass spectra for major ATOFMS particle classes in the 
chimney filters are shown in Figure 8.2, the remaining mass spectra can be found in 
Figure 8.4. The Ca-K particle class constituted most (45%) of the firing chimney sample 
and calcium dominated most of the firing chimney particles (K-Al class only one not to 
contain any). This class cannot be considered a unique marker for emissions from the 
GMF facility as calcite and aluminosilicates are also usually emitted by the sintering units 
of iron and steel making plants, as well as potassium chloride (Dall’Osto et al., 2008; 
Ebert et al., 2012; Hleis et al., 2013). 
The following chemical species are unique to the firing chimney particles; 19F-, 59CaF+ 
and 208Pb+ and could be useful markers. Most firing chimney particles produced stronger 
EC signals (12,24,36,..Cn
-) than the other chimney or ore particles, probably indicative of the 
use of anthracite as a reducing agent in this process. 26CN-, a marker for organic nitrogen 
compounds in biomass burning (Silva et al., 1999) or biogenic emissions (Pratt et al., 
2009a), dominated the negative mass spectra of most firing chimney particles.  
Fe-Ca-K particles, while only making up a small fraction of each sample, are the only 
class present in all three chimneys. Minor particle classes unique to the firing chimney 
sample include K-Ca-Na, Ca, Ca-Mg-Al, CaF-K-Ca, Ca-K-Al and Mn-Ca-Pb. 
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Figure 8.2. Average mass spectra of major ATOFMS particle classes detected in chimney 
filter and ore samples.
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Figure 8.3. Average mass spectra of minor ATOFMS particle classes (except Mn-K) in chimney filter samples. 
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Figure 8.4. Average mass spectra of minor ATOFMS particle classes in ore samples. 
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8.2.3 SINTERING UNIT – COOLING AREA (CHIMNEY FILTER B) 
ATOFMS analysis of the chimney filter sample from the cooling area indicates that Al-
Mn-K and K-Mn are the dominant particle classes. Al-Mn-K particles account for 64% of 
the total number of particles analysed and are specific to this chimney (Figure 8.5). 
Although Al-Mn-K particles were also observed in ore samples, the size information for 
particles observed in the ambient atmosphere should enable the larger particles coming 
from stock piles of ores to be distinguished from the smaller particles emitted by 
chimneys. The composition of K-Mn particles was virtually identical in both the cooling 
and smelting chimney filters. 96SO4
- and 46NO2
-, not observed in firing chimney particles, 
were present in K-Mn particles and the signal for 79PO3
- was the largest in all the average 
spectra.  
A minor particle class unique to the cooling chimney sample was Mg-Al-Mn, but only 
contributed 0.3% to the total particles from this sample.  
8.2.4 SMELTING UNIT (CHIMNEY FILTER C) 
Mn-K is the most dominant particle class detected by ATOFMS in the sample from the 
smelting chimney. This class is very similar to K-Mn in terms of core composition, but 
with different relative intensities for Mn and K. It should be noted that K was prevalent 
in most of the ATOFMS classes, however this probably reflects the high level of 
sensitivity of the instrument to this element (Gross et al., 2010). As a result, in mass 
spectra that contain K but are dominated by other species, for example in Mn-K particles, 
it is reasonable to assume that the K content is less than that of Mn.  
8.2.5 COMPARISON OF ORES AND INDUSTRIAL FILTER SAMPLES 
Several particle classes identified from ATOFMS data were common to both chimney-
filter and ore samples; K-Mn is observed in the cooling and smelting chimneys and in all 
three ores, while Al-Mn-K was found in the cooling chimney and in all three ores. 
Additionally, several particle classes were observed only in the ores and not in the 
chimney filters, which may prove useful in distinguishing between ambient particles 
coming from the raw materials or from the process. Mn-K-Al particles were found in all 
three ore samples. Al-Fe-Ca particles were found in two of the ore samples, and were 
very similar in composition to Fe-Ca-K particles found in all chimneys; both classes 
contain Al, K, Ca and Fe, but the signal for Al is larger relative to Fe in the Al-Fe-Ca 
class. This may be indicative of Al-Fe-Ca particles containing more Al before the ores go 
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through the processes. They are also the only Fe-containing particles found in the 
chimney samples, which should aid significantly in ambient particle source identification.  
8.2.6 COMPARISON OF ATOFMS AND SEM-EDX TECHNIQUES 
The composition of the three industrial chimney filters as analysed by ATOFMS and 
SEM-EDX is shown in Figure 8.5. The SEM-EDX data are in good agreement with the 
ATOFMS observations. The composition of the flue samples as analysed by SEM-EDX 
was generally similar to that of the industrial filters, suggesting that the filter samples can 
be considered representative of emissions from the chimneys.  
 
Figure 8.5. Composition of samples collected in the industrial chimney filters (particle classes & 
relative abundances as percentage of total analysed particles) by a) ATOFMS and b) SEM-EDX. 
51% of particles collected by the industrial filter of the firing area are composed on 
average of 20, 68 and 17% of C, O and Ca, respectively (C/O/Ca particle class) and are 
identified as calcite particles (CaCO3). The O/F/Ca and C/O/F/Ca particle classes account 
for 19.5% of analysed particles and were identified as CaF2 and an internal mixture of 
CaF2 with calcite, respectively. In agreement with the ATOFMS analysis, SEM-EDX also 
indicates that F-containing particles are unique to the firing chimney. Finally, a significant 
contribution (11%) from aluminosilicate particles was observed in the firing chimney 
(O/Al/Si and O/Al/Si/Ca classes). 34% of the particles in these two classes contain K as 
a minor element. This helps explain the relatively high proportion of K-rich particles 
identified by ATOFMS, which is sensitive to alkali metals (Gross et al., 2000). SEM-
EDX analysis of samples collected in the chimney flue showed 35% of particles did not 
contain Ca, Al or Mn. Instead they were dominated by K, which was not observed by 
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Marris et al. (2012). A recent change from lime to potash as a neutralising agent in the 
gaseous washer of the sintering unit (for SO2 reduction) is the most likely reason for the 
high proportion of K-containing particles observed in the flue.  
The major particle classes from the cooling chimney were identified by SEM-EDX as 
aluminosilicates (O/Al/Si, 19%), manganese oxide (O/Mn, 26%) and internal mixtures of 
aluminosilicates and manganese oxides (O/Al/Mn, O/Al/Si/Mn and O/Al/Mn/Fe classes, 
31%). Mn is a major element in the Al and Mn-containing particles, but also a minor 
element in the Al-containing particles, which agrees with ATOFMS analysis. Most of the 
particle classes identified by SEM-EDX are aluminosilicates and cannot be considered as 
unique to this sintering process because they can originate from a number of other 
industrial sources, as well as wind-blown dust. Nevertheless they can be distinguished 
from the emissions of iron and steel making plants as this elemental association (Al, Si 
and Mn as major elements) is very unusual in single particles from these sources (Mazzei 
et al., 2006; Taiwo et al., 2014a). Furthermore, particle emissions from steelworks are 
known to have a considerably higher Fe content than those detected in this work (Ebert 
et al., 2012; Hleis et al., 2013). 
For the smelting chimney filter, the SEM-EDX data agree with the ATOFMS 
observations since the majority of analysed particles contain Mn. They are essentially 
pure manganese oxides (O/Mn class, 31%) or manganese oxides enriched in Fe (O/Mn/Fe 
and O/Si/Mn/Fe classes, 11%) or Zn (O/Mn/Zn, O/Mg/Mn/Zn and O/Si/Mn/Zn classes, 
33%). A small proportion of particles (3.0%) contains on average 7.7 % of Pb (O/Mn/Pb 
class), although 208Pb+ is not detected by ATOFMS for this sample. This is somewhat 
surprising given the ability of the ATOFMS to detect lead (Snyder et al., 2009; Zhang et 
al., 2009b), but may be due to a matrix effect limiting the desorption/ionisation efficiency 
for lead in this instance. Zn- and Pb-containing particles are unique to the smelting unit 
and are not observed for the two other chimneys. This can be explained by the high 
operating temperature of the smelting process (1400°C) which promotes volatilisation of 
heavy elements such as Zn and Pb. Zn and Pb have also been associated with steelworks 
emissions (Reinard et al., 2007; Corbin et al., 2012), however the combination of these 
two elements with Mn has not been seen for these sources, as it is a trace element with a 
considerably lower concentration than Fe or Zn (Tsai et al., 2007; Ebert et al., 2012; Hleis 
et al., 2013). O/Mn/Zn particles can then be considered a unique tracer for 
ferromanganese smelting emissions. 
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 ATOFMS DATA CAPTURE 
 
Figure 8.6. Hourly summed counts for full ATOFMS dataset collected from 10th May 10:00 - 11th 
June 15:00 UTC.  
 HYSPLIT 
 
Figure 8.7. Change of the total spatial variance (TSV) as a function of the number of clusters for 
the HYSPLIT 120-hour back trajectory cluster analysis. Trajectories for 500 m above ground level 
(AGL) were produced every hour for NANO-INDUS.
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Figure 8.8. Individual HYSPLIT 120-hour back trajectories for each cluster for NANO-INDUS.
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 SIZE DISTRIBUTIONS 
 
Figure 8.9. Normalised lognormal size distributions for particle classes with 
little variation in size throughout NANO-INDUS. 
 
Figure 8.10. Hourly size distribution for unscaled ATOFMS particles from 
transported/urban and transported industrial sources observed during 
NANO-INDUS. V-Fe distirbution is representative of Fe, Mn, Fe-EC and Na-
V classes. 
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Figure 8.11. Hourly size distribution for unscaled ATOFMS particles from marine and transported/local industrial sources observed during NANO-INDUS. 
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Figure 8.12. Hourly size distribution for unscaled ATOFMS particles from industrial sources observed during NANO-INDUS. K-Fe-Na size distribution is representative 
of Fe-K-Ca, K-Mn, Al-K-Mn, Mn-K-Fe, K-Cl, K-Al, Li-Zn, Ca and Ca-K.   
252 
 
9. APPENDIX III – ADRIMED/SAF-MED 
 ATOFMS DATA CAPTURE 
 
Figure 9.1. Hourly summed counts for full ATOFMS dataset collected from 12th June 08:00 - 6th 
August 14:00 UTC, including periods where instrument was not collecting data and points where 
the critical orifice (inlet) was cleaned. A partially blocked inlet can result in lower particle numbers.  
 OC COMPARISON 
 
Figure 9.2. Comparison of OC (Sunset thermo-optical analyser) and OA obtained by ACSM and 
AMS. 
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 HYSPLIT 
 
Figure 9.3. Change of the total spatial variance (TSV) as a function of the number of clusters for 
the HYSPLIT 120-hour back trajectory cluster analysis. Trajectories for 500 m above ground 
level (AGL) were produced every hour for each period of ADRIMED/SAF-MED and grouped into 
five periods. 
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Figure 9.4. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 1 during ADRIMED/SAF-MED. 
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Figure 9.5. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 1 during ADRIMED/SAF-MED (continued). 
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Figure 9.6. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 2 during ADRIMED/SAF-MED. 
257 
 
 
Figure 9.7. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 2 during ADRIMED/SAF-MED (continued). 
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Figure 9.8. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 3 during ADRIMED & SAF-MED. 
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Figure 9.9. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 4 during ADRIMED/SAF-MED. 
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Figure 9.10. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 4 during ADRIMED/SAF-MED (continued). 
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Figure 9.11. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 4 during ADRIMED/SAF-MED (continued). 
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Figure 9.12. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 5 during ADRIMED/SAF-MED. 
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Figure 9.13. Individual HYSPLIT 120-hour back trajectories for each cluster for Period 5 during ADRIMED/SAF-MED (continued). 
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 SIZE DISTRIBUTIONS 
 
Figure 9.14. Hourly size distributions for regional combustion and local combustion particle classes observed during ADRIMED. EC-SOX is representative of EC-K 
and EC-Oxalate. K-SOX is representative of K-CN, K-EC-Oxalate and EC-K-Oxalate, with the exception of 28th June peak. K-NOX is representative of OC-SOX and 
OC-NOX. 
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Figure 9.15. Hourly size distributions for local combustion and possible dust particles, and normalised lognormal size distributions (bottom right) for particle classes 
with little variation in size during ADRIMED.  
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 CORRELATIONS 
Table 9.1. Correlations between ATOFMS sea salt particle numbers and mass concentrations 
and OPS, PILS and ACSM measurements.  
  ATOFMS Particle Numbers ATOFMS Mass Concentration 
  Sea salt-fresh Sea salt-aged Sea salt-fresh Sea salt-aged 
Full sampling 
OPS 0.579-2.156 µm (#/cm3) 0.30 0.05 0.50 0.12 
SSA (PILS) µg/m3 0.36 0.09 0.67 0.09 
Na+ (PILS) µg/m3 0.42 0.11 0.64 0.10 
Cl- (PILS) µg/m3 0.51 0.09 0.80 0.07 
Mg+ (PILS) µg/m3 0.38 0.12 0.64 0.10 
Period 1 
OPS 0.579-2.156 µm (#/cm3) 0.20 0.37 0.46 0.65 
SSA (PILS) µg/m3 0.33 0.46 0.61 0.65 
Na+ (PILS) µg/m3 0.28 0.50 0.55 0.69 
Cl- (PILS) µg/m3 0.44 0.27 0.74 0.40 
Mg+ (PILS) µg/m3 0.29 0.49 0.51 0.64 
SO42- (ACSM) 0.09 0.27 0.20 0.53 
NH4+ (ACSM) 0.06 0.20 0.15 0.45 
Chl (ACSM) 0.25 0.28 0.51 0.46 
Period 2 
OPS 0.579-2.156 µm (#/cm3) 0.19 0.03 0.81 0.08 
SSA (PILS) µg/m3 0.15 0.06 0.81 0.02 
Na+ (PILS) µg/m3 0.14 0.03 0.75 0.05 
Cl- (PILS) µg/m3 0.14 0.13 0.84 0.00 
Mg+ (PILS) µg/m3 0.11 0.03 0.69 0.07 
Ca2+ (PILS) 0.02 0.03 0.50 0.03 
K+ (PILS) 0.04 0.02 0.47 0.08 
Total PILS Mass 0.09 0.02 0.64 0.11 
Period 5 
OPS 0.579-2.156 µm (#/cm3) 0.64 0.25 0.22 0.16 
SSA (PILS) µg/m3 0.62 0.43 0.09 0.08 
Na+ (PILS) µg/m3 0.85 0.50 0.04 0.07 
Cl- (PILS) µg/m3 0.85 0.17 0.39 0.12 
Mg+ (PILS) µg/m3 0.69 0.49 0.01 0.06 
NO3- (PILS) 0.63 0.49 0.15 0.15 
 
 
 
 
 
 
 
